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Extensions of the minimal supersymmetric standard model (MSSM) with additional singlet scalar fields
solve the important p-parameter fine-tuning problem of the MSSM. We compute and compare the neutral
Higgs boson mass spectra, including one-loop corrections, of the following MSSM extensions: next-to-
minimal supersymmetric standard model (NMSSM), the nearly-minimal supersymmetric standard model
(nMSSM), and the U(1)'-extended minimal supersymmetric standard model (UMSSM) by performing
scans over model parameters. We find that the secluded U(1)’-extended minimal supersymmetric standard
model (sMSSM) is identical to the nMSSM if three of the additional scalars decouple. The dominant part
of the one-loop corrections are model independent since the singlet field does not couple to MSSM
particles other than the Higgs doublets. Thus, model-dependent parameters enter the masses only at tree
level. We apply constraints from LEP bounds on the standard model and MSSM Higgs boson masses and
the MSSM chargino mass, the invisible Z decay width, and the Z — Z’ mixing angle. Some extended
models permit a Higgs boson with mass substantially below the SM LEP limit or above theoretical limits
in the MSSM. Ways to differentiate the models via masses, couplings, decays and production of the Higgs

bosons are discussed.
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L. INTRODUCTION

Supersymmetry (SUSY) is a leading candidate for phys-
ics beyond the standard model (SM). It is the only exten-
sion of the bosonic spacetime Poincaré symmetry to
include a fermionic spacetime. Superstring theory, the
currently prevailing paradigm of quantum gravity, gener-
ally includes SUSY, though not necessarily at the weak
scale. The cancellation of the quadratic divergence in the
Higgs mass-squared radiative correction, requiring fine-
tuning in the SM, strongly motivates SUSY at the TeV
cale. TeV-scale SUSY also unites the gauge coupling con-
stants at the GUT scale and provides an attractive cold dark
matter candidate, the lightest neutralino, when R-parity is
conserved. The simplest supersymmetric extension of the
SM is the minimal supersymmetric standard model
(MSSM).

The MSSM suffers from the wu-problem [1]. The
p-parameter is the only dimensionful parameter in the
SUSY conserving sector. Naively, in a top down approach,
one would expect the w-parameter to be either zero or at
the Planck scale, O(10'°) GeV. At tree level, the MSSM
gives the relation [2]

1, ., mj—mitan’ o

27 tan’B — 1 e
where m,; and m, are the soft mass parameters for the
down-type and up-type Higgs, respectively. With the soft
parameters at the EW/TeV cale, u must be at the same
scale, while LEP constraints on the chargino mass require
M to be nonzero [3]. A simple solution is to promote the
p-parameter to a dynamical field in extensions of the
MSSM that contain an additional singlet scalar field that
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does not interact with MSSM fields other than the two
Higgs doublets. Extended models thereby circumvent the
need for a fine-tuning of the u-parameter to the electro-
weak scale.

The discovery of Higgs bosons is a primary goal of the
Tevatron and the Large Hadron Collider (LHC) experi-
ments. Although Higgs boson signals at colliders have
been extensively studied, most of these studies were based
on the assumption that the Higgs bosons occur only in
doublet fields [4]. The few case studies of the Higgs sector
in the extensions of the MSSM have not been as compre-
hensive as the SM and MSSM Higgs studies [5,6]. With the
addition of singlet scalar fields, the properties of the Higgs
bosons can be substantially different from those in the SM
or the MSSM. Moreover, with SUSY, there are also one or
more extra neutralinos and there may be an extra neutral
gauge boson in some models.

In this paper we consider models with an extra Higgs
singlet field that yield a dynamical solution to the
p-problem. The dynamical field that gets a vacuum expec-
tation value (VEV) generates an effective p-parameter that
is associated with a new symmetry. These models have a
third CP-even Higgs boson and, in some cases, an extra
CP-odd Higgs boson. The mixing with the extra scalar
state alters the masses and couplings of the physical Higgs
bosons. We evaluate the phenomenological consequences
of an extra scalar for the Higgs masses, couplings, decays
and production. We include one-loop radiative corrections
to the Higgs masses, which to a good approximation turn
out to be common among the models at this order for the
neutral and charged Higgs boson sector. While performing
our systematic study on the Higgs sector alone, we con-
sider indirect consequences from the neutralino sector in

© 2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.73.115010

BARGER, LANGACKER, LEE, AND SHAUGHNESSY

anticipation of a later full treatment including both sectors.
Detailed studies of the neutralino sector in these models
have been done by examining the lightest neutralino [7].
We translate the constraints from LEP experiments on the
SM (lightest MSSM) Higgs into limits on the CP-even
(CP-even and CP-odd) Higgs boson masses in the ex-
tended models and include constraints from the LEP char-
gino mass limit, the invisible Z width and the Z—Z' mixing
angle.

The extended models of present interest' are the next-to-
minimal supersymmetric standard model (NMSSM) [10],
the minimal nonminimal supersymmetric standard model
(MNSSM) or the nearly-minimal supersymmetic standard
model (nMSSM) [11], the U(1)'-extended minimal super-
symmetric standard model (UMSSM) [12], and the se-
cluded U(1)'-extended minimal supersymmetric standard
model (sMSSM) [13]. A common pu-generating term,
hH, - H dS', is contained in the superpotentials of these
models, which are listed in Table I. After the S field gets a
VEV, the effective p-parameter is identified as

Meff = hv<S> (2)

where (S) denotes the VEV of the singlet field.

The defining feature of each model is the symmetry that
is allowed by the superpotential. The NMSSM has a dis-
crete Z, symmetry, allowing the S* term [10,14]. With any
discrete symmetry, the possibility of domain walls exists. It
has been shown that domain walls can be viewed as a
source of dark energy [15]. In the NMSSM, the equation
of the state, p = wp, of dark energy is predicted to have
w = —2/3 which is disfavored by a recent analysis of
WMAP data that place w = —1.0627 2128 [16].

The domain walls may be eliminated if the Z5 symmetry
is broken by higher dimensional operators, but these may
lead to very large destabilizing tadpole operators [17]; one
possibility for avoiding this problem is described in
Ref. [18]. The nMSSM with a Z% or Z% symmetry has a

tadpole term of S that breaks the discrete symmetries and is
thus free from domain walls [11,19]. The harmful tadpole
divergences can destabilize the gauge hierarchy, but the
discrete symmetries Z% or Z& allow the divergences to
exist only at six and seven-loop order, respectively [19].
At these orders, the divergences are suppressed at scales
below MPlanck-

An extra U(1) gauge symmetry, U(1)’, is motivated by
many models beyond the SM, including grand unified
theories (GUT) [20,21], extra dimensions [22], super-
strings [23], little Higgs [24], dynamical symmetry break-
ing [25], and the Stueckelberg mechanism [26]. The
UMSSM and sMSSM each contains a U(1)' gauge sym-
metry and its gauge boson, Z’, that can mix with the SM

1Many of the ideas of some of the models appeared already in
Ref. [8]. For a recent review of supersymmetric singlet models,
see Ref. [9].
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after symmetries are broken Z [12,27]. While the continu-
ous U(1)’ symmetry is free from domain wall constraints,
the UMSSM may require exotic fields [28—30] to cancel
chiral anomalies related to the U(1)’ symmetry”. There are
constraints on the UMSSM from the strict experimental
limits on Z — Z' mixing that are at the mil-level [32]. The
7' mass must be above 600-900 GeV to satisfy the
Tevatron dilepton search results, with the precise experi-
mental limit dependent on the U(1)" model [33]. With a
leptophobic Z', these mass limits are evaded.

The Higgs field content of the above listed models is
given in Table I. In the MSSM, the usual 2 Higgs doublets
give two CP-even (HY, HY), a CP-0dd (A,), and a pair of
charged (H™) Higgs bosons’. The extended models include
additional CP-even Higgs bosons and CP-odd Higgs bo-
sons or a Z' gauge boson, depending on the model. The
sMSSM contains three additional singlets that allow six
CP-even and four CP-odd Higgs states. However, the
additional Higgs fields decouple if A is small and the
vacuum expectation values (S;), (S,), (S3) are large. The
decoupling limit eliminates the D-terms in the mass-
squared matrix for the S, HY, and H? fields and yields a
model similar to the nMSSM with three CP-even and two
CP-odd Higgs bosons. This is shown in Appendix A. We
shall therefore refer to the nMSSM as n/sMSSM since the
results of the nMSSM correspond to the sMSSM in the
decoupling regime. The charged Higgs sector for all of
these models remains the same as in the MSSM due to the
assumption that the number of Higgs doublets is
unchanged.

We present an overview of the Higgs mass-squared
matrices including radiative corrections due to top and
stop loops in Sec. II. We discuss the experimental and
theoretical constraints applied in Section III and the details
of the parameter scans in Sec. IV. In Sec. V, we discuss the
Higgs spectra and couplings for various models, while
implications for collider phenomenology are presented in
Sec. VI. Finally, we summarize our results in Sec. VII. We
provide details of decoupling of the sMSSM in
Appendix A. The derivation of the mass-squared matrices
of each model are presented in Appendix B and the neu-
tralino mass matrices are given in Appendix C. In
Appendix D, important limits in the Higgs sector are
addressed, while additional information on the heavier
states is given in Appendix E.

II. HIGGS MASS MATRICES
A. Tree level

The tree-level Higgs mass-squared matrices are found
from the potential, V, which is a sum of the F-term, D-term
and soft-terms in the Lagrangian, as follows.

Exotic fermions can be avoided in a family nonuniversal
Ugl)’ model [31].
“We ignore the possibility of CP-violating mixing effects.
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TABLE 1.
by AY for easier comparison with the other models.
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Higgs bosons of the MSSM and several of its extensions. We denote the single CP-odd state in the MSSM and UMSSM

Model Symmetry Superpotential CP-even CP-odd Charged
MSSM - wH, - H, HY, HY A9 H*
NMSSM Zs hSH, - H;+ %8’ HY, HY, H) A9, AS H*
nMSSM Z8, 7% hSH, - Hy + M2S HY, HY, HY A9, AS H*
UMSSM u@y hSH, - H, HY, HY, H) A9 H*
sMSSM u(1y heSH, - Hy + A;S,8,S5 HY, HY, HY, HY, H?, H? A9, AY, A9, A H*

Vie=|hH, -H;+ &M?+ «S?)? + |h SI>(|H, >+ |H,|?),
3)

G2 8
Vo =g (HAP = 1HL PP+ 2 (HPIHE = 1H, - HoP)
@)

2
81
+ TI(QHledlz + Oy |H,* + OslSI1?)%,
Voot = m%]lHdlz + mzztlHulz + m%|S|2

+ (A, SH, - Hy + gAKS3 + £M3S + He). (5)

Here, the two Higgs doublets with hypercharge Y = —1/2
and Y = +1/2, respectively, are

HY H*
H; = d ) H =< ) (6)
d (H “« \ HY
and H,-H; = e,-ij,Hg. For a particular model, the pa-

rameters in V are understood to be turned off appropriately
according to Table I

NMSSM:g; = 0, M, =0, (7)
nMSSM:g;, = 0, k=0, A, =0,
UMSSM: M, =0, k=0, A, =0.

The couplings g, g, and g are for the U(1)y, SU(2);,
and U(1)' gauge symmetries, respectively, and the parame-
ter G is defined as G> = g + g3. The NMSSM model-
dependent parameters are k and A, while the free nMSSM
parameters are £r and &g with M, being fixed near the
SUSY scale. The model dependence of the UMSSM is
expressed by the D-term that has the U(1)’ charges of the
Higgs fields, Qp, O, and Qg. In general, these charges
are free parameters with the restriction® that Q H, T On, +
Qs = 0 to preserve gauge invariance. In any particular
U(1)' construction, the charges have specified values. We
assume the charges of a E4 model that breaks via the chain
Eq— SO(10) X U(1), — SU(5) X U(1),, X U(1),, [21].
At some high energy scale, the U(1), X U(1),, symmetry

*Additional restrictions on the charges of the ordinary and
exotic particles come from the cancellation of anomalies.

is assumed to break into one U(1)"°. The above breaking
scenario results in the charges

-1 1 .
Oy, = \/—1_0 costg, — % sinfg,,
) ] ®)
= —— cosfly — —= sinfg,
QHM \/1—0— Eq \/_6‘ Eg

where 6, is the mixing angle between the two U(1)s and is
the only model-dependent parameter.

The F-term and the soft terms contain the model depen-
dence of the NMSSM and n/sMSSM. The soft terms A, of
the NMSSM and £gM; of the n/sMSSM are new to V.
The B-term of the MSSM is expressed in V as A;h SH, -
H, after we identify

Bup = A pregy. (©))

The other terms in Vg are the usual MSSM soft mass
terms.

The minimum of the potential is found explicitly using
the minimization conditions found in Appendix B. The
conditions found allow us to express the soft mass parame-
ters in terms of the VEVs of the Higgs fields. At the
minimum of the potential, the Higgs fields are expanded as

1 1
HY=—(,+ ¢, +ip,), HY=—@,+ ¢, +ip,),
d 2(d ba GDd) \/5( o} @)
1
S=—(s+ o+ ié. (10)
V2

with v2 = v2 + v2 = (246GeV)? and tanf = v, /v,. We
write the Higgs mass-squared matrix in a compact form
that includes all the extended models under consideration.
The CP-even tree-level matrix elements in the HY, HY, S
basis are:

This is the same breaking scheme as in the exceptional
supersymmetric standard model (ESSM) [34]. In the ESSM,
among three pairs of SU(2) doublet scalars with MSSM Higgs
quantum numbers and three singlet scalars, only one pair of
doublets and one singlet develop VEVs due to an extra Z
symmetry and imposed hierarchical structure of the Yukawa
interactions, yielding a model similar to the UMSSM.
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G2
(MO = [ %+ Ot o
h A, h hépM?2
+ sits + sKS + sfF n M (11)
V2 2 s

s

Uy

GZ
(Mqr)lz = _[— - h? - QHdQHl‘g%fi|vdvu

4

2
. <h\s/1;s + hs;s + hngMn)S, (12)

hSAS

(M%) 15 = [ + O, Q582 vas — ( o hsxs)vw
(13)
GZ
(M%), = [T + Q%{“g%/i|vlzt
N hA, N hks N hsEpMR\ vas (14)
\/j 2 s vy ’

h,A
(M)23 =[] + Oy, Q587 Jvus — < \S/ES + hSKS>Ud,

15)

h,A 26 M3
(M3 = [03¢2, + 2%]s2 + ( sAs V2¢& n) v,

\/i VaUy s
KA
+ —Xs. 16
NG (16)
The tree level CP-odd matrix elements are:
hA,  hyks hEpM\v,s
MY, === SR ) n) ==, 17
( )it (\/E > P >Ud (17)
th\‘ thS hngMrzl
(3\4‘1)12=<‘ s 4 kS s, (18)
V2 2 s
hA,
(M%), = <#— hyks |v,, (19)
V2
hA,  hoks hEpMI\ vys
MOy =2+ 22—+ = ==, 20
( )2 <\/§ > P >Uu (20)
h,A,
(MO); = ( - hsxs)vd, @1)
hA, 2EM3 3kA
(M(l)33=< K A+2hSKS_\/—§S n)vdvu_ K. KS.
\/j VgV, s \/z

(22)

The tree-level charged Higgs mass-squared matrix ele-
ments are:
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vi(g} — 282)

M*),, =
( )11 4
(ans+dn 24 M)t (23)
(\/-2‘ s1sS 2 sKS sSF n)vd’
+ Udvu(g% - Zh?)
M=)y = — 2
(M), 2
1 1 5 2
~(J5Adhs + st + ), 24
v2(g2_2h2)
M*),, = 4= 50
( )22 4
1 1 2 2 Ud
+<ﬁAshss+§ths +hs§FMn>U_u' (25)

The physical Higgs boson masses are found by diago-
nalizing the mass-squared matrices, M, = RMR™!,
where M also includes the radiative corrections discussed
below. The rotation matrices for the diagonalization of the
CP-even and CP-odd mass-squared matrices, R, and for
the charged Higgs matrix, R”, may then be used to con-
struct the physical Higgs fields.

H; = Ri$,+ RP¢, + Rio, (26)
A; =Rl¢, + R?¢, + R3¢, (27
Hj = R"H™ + R2H". (28)

where the physical states are ordered by their mass as
My, =My, = My, and M, = M,,. Many features of
the models are apparent by inspection of the mass-squared
matrix elements. We discuss these aspects in Sec. V.

B. Radiative corrections

An accurate analysis of the Higgs masses requires loop
corrections. The dominant contributions at one-loop are
from the top and scalar top loops due to their large Yukawa
coupling. In the UMSSM, the gauge couplings are small
compared to the top quark Yukawa coupling so the one-
loop gauge contributions can be dropped. Corrections
unique to the NMSSM and n/sMSSM begin only at the
two-loop level. Thus all contributions that are model-
dependent do not contribute significantly at one-loop order
and the usual one-loop SUSY top and stop loops are
universal in these models. A similar approach has been
done in studying extended Higgs sectors with many addi-
tional singlet fields [35]. These one-loop corrections to the
potential can be found from the Coleman-Weinberg poten-
tial [36] and are reviewed in Appendix B 2.

The mass-squared matrix elements become

M. =ML+ M, (29)

where the radiative corrections to the CP-even mass-
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squared matrix elements are given by

[ e e
' (30)

(M2 = k[(%g
n thz f<z—g)>vdv —(h;’j;’f)S}
- 31

~o o~y

mimg

(ML); = k[((mN

1 tz

h2h2
7 G+ )vds

“(5R) ) 3 2

M =g 3G+ 0 - )
+ lnni:ﬁ;>v5 (33)

{5 ) ot = (g
b= 6o
() oo
oo o (]
65)

where k = # and the loop factors are

m? + m? .
G(mi, m?) = 2[1 - ﬁ log<&>}
1 2 2 m? ms
tl 5 53 (36)
mz 2
[
F = tog( =) = Gl m)
Here we have defined
mi = hi peg(pes — A, tanB), 37)
m3 = hiA(A, = peg cotp), (38)
~ 9 vy 2
my = =5 hi pegr(Megr — A, tanf), (39)
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with Q being the DR renormalization scale and A, is the
stop trilinear coupling.

The corrections to the CP-odd mass-squared matrices
are given by

_ hgvguys kh A,

CFd,m2), (40)

where we identify v, = v, v, = v,, and vz = 5. These
one-loop corrections agree with those of [14,19,27].

The one-loop corrections to the charged Higgs mass are
equivalent to those in the MSSM and can be significant for
large tanS. The charged Higgs boson in the MSSM has a
tree-level mass

(M. = M3, + M3, 41

and the extended-MSSM charged Higgs boson mass is

h2v? V2Q2&M? + ks?)
MO = M3, + My — =+ h . :
(My2) v L) s sin23
42)
where M2 Y2hysA is the tree-level mass of the MSSM

9m2ﬁ
CP-odd Higgs boson. The case of large My (or M, in the

MSSM) yields a large charged Higgs mass and is consis-
tent with the MSSM decoupling limit yielding a SM Higgs
sector. Radiative corrections in the MSSM shift the mass
by

2
M 5M%11, (43)
V2sin2

. . 2 .
where after including tanf dependent terms, oM. is

given by the leading logarithm result of the full one-loop
calculation [37]

(My2)? =

Su. — N.g? 2mim3
"= 327M%, \sin’ Beos? B
— Mﬁ,( ,mztz + méz’ ) + 2M4 )10gMSUSY
sin“"8  cos“f8 3 m;
(44)

where N, = 3 is the number of colors and Mgygy is the
supersymmetric mass scale, taken to be 1 TeV. Model-
dependent terms come in at tree level, giving a charged
Higgs mass after radiative corrections of

h2v? V202€M? + ks?)
M. =M} + My ———+h f_n
H* W v s sin28
hA,skh?
+ (M + 6M%Ii>. (45)
V2sin2

III. CONSTRAINTS

Both theoretical and experimental constraints are im-
portant in ensuring that the models are realistic. In the
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following, we list the constraints that we apply in obtaining
the allowed Higgs mass spectra.

To generate the Higgs boson masses, we scan over the
relevant parameters of each model. Theoretical constraints
eliminate large regions of the parameter space. To avoid
solutions that contain unstable saddle-points of the poten-
tial, we require that the mass-squared eigenvalues are
positive-definite, i.e. le_, M%,,_, M%F = (). We also exclude

solutions which give m2 < 0.
t.

i

A. Direct constraints

The direct constraints are provided by collider data.
Currently, LEP gives the best experimental bound on the
mass of the SM Higgs boson, £, of 114.4 GeV at 95% C.L.
[38]. We translate this to limit the mass of the lightest
Higgs boson of the extended models by using the ZZh
coupling limits from LEP, as reproduced in Fig. 3a of
Sec. VB, that consider all SM particle decay modes
down to M;, = 12 GeV [38]°. The ZZH, coupling relative
to the SM coupling is given by the factor

Ezzn = (8221, /855)* = (R cosB + R sinB)%. (46)

Since the ZZH, coupling in extended models is reduced by
doublet-singlet mixing effects, it is possible to have Higgs
bosons lighter than the SM bound of 114.4 GeV. The reach
of the ZZH; coupling limit extends only to 12 GeV, below
which we do not enforce this constraint. However, this low
mass region is well constrained by bounds on M, and M),
in the MSSM discussed below. The LEP bound is also
applied to H, and H; since a heavier Higgs boson may
violate the bound even if the lightest does not.

Another channel of relevance from LEP is Z — A;H;
with A; — bb and H i— bb. Current limits place the light-
est possible CP-even and odd MSSM masses at My, =
92.9 GeV and M, = 93.4 GeV, respectively, and are cal-
culated assuming maximal stop mixing, yielding the most
conservative limit on the lightest Higgs masses in the
MSSM [42]. An estimation of the corresponding limits in
extended models may be obtained by comparing the ex-
pected production cross section of the extended-MSSM
models at the maximum LEP energy, /s = 209 GeV, to
that of the MSSM [43]. At this energy the mass limits of

“These limits actually assume standard model branching ratios
for the H;, which are dominantly into bb and 77~ in the
relevant mass range. As discussed in Sec. VIB, for some of
the parameter values in the extended models the dominant
decays are into (invisible) neutralinos, or into two light
CP-odd states, and for those points the constraint in Fig. 3(a)
does not strictly apply. However, there are also quite stringent
limits on the invisible H; decay modes [39], and (weaker) limits
on the decays into two CP-odd states which subsequently decay
into bb or 777~ [40,41]. These have not been given for the entire
kinematic ranges of interest here, so we will simply take the
conservative approach of allowing only those points satisfying
the ZZH; coupling limit in Fig. 3(a).
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the CP-even and CP-odd Higgs bosons provide an upper
bound of the cross section at 40 fb. In practice, we find that
the LEP Z — A;H; constraint eliminates a significant frac-
tion of the points generated with a low CP-odd Higgs
mass. In Fig. 3(b), we show cos*(a — ), the prefactor
of the ZAh coupling where « is the rotation angle required
to diagonalize the MSSM CP-even Higgs mass-squared
matrix, versus CP-odd Higgs mass for the MSSM. A
strong ZAh coupling results in an enhanced A/ production
cross section. In the extended-MSSM models, we calculate
the cross section for ete™ — A;H ; where A; is the lightest
nonzero CP-even Higgs for that model. If it is above the
calculated LEP limit of 40 fb, the generated point fails this
constraint. Mixing effects which maximize the ZA;H;
coupling in the MSSM also result in a lower value of
M,,, so that the LEP limit implies a lower bound on
M,,. With the two complementary limits on the neutral
Higgs bosons and the charged Higgs mass (My= =
78.6 GeV from LEP [44]), the Higgs sector in the
MSSM and extended-MSSM models are rather well
constrained.

B. Indirect constraints

While we focus on the Higgs sector in our analysis,
indirect constraints from the neutralino and chargino sec-
tors also need to be considered. The lightest chargino mass
is currently limited by LEP to be M = > 104 GeV at 95%
C.L. [3]. The chargino masses are determined by the
diagonalization of

L M, V2My, sinB
M © ( \/EMW cosf Meff ) @7

The SU(2); gaugino mass, M,, that enters the chargino
sectors does not have a direct effect on the Higgs sector, but
the lower bound on M = does constrain possible parameter
values.

Precision electroweak data also provide an upper bound
on the new contributions to the invisible Z decay width of
1.9 MeV at 95% C.L.” Contributions to this decay width
include Z— A;H; for M, + My, = My and Z—
Z*H; — ffH, for My, = M. The decay widths are given
by

a
Pz, 48xy (1 — xy)

X (RUURI' — R2RP), (48)

Mz (M3 /M3, My, /M,

"This is based on the constraint on new physics contributions
to the invisible Z width, Il = —2.65 £ 1.5 MeV [45], re-
normalizing the probability distribution to require that the true
value is positive. Strictly speaking, such decays may not be
invisible, and slightly weaker constraints would be obtained
using the total or hadronic widths. We use the invisible width
to be conservative and for simplicity, since it is also applied to

decays of the Z into neutralino pairs.
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er—»ff_'H,- _ FZ o o

dxy. daxy(1 — xy)

i

2.2 _ 1.2
y 1+EYH, xp, t3xH, [ER
(xg, = v )? T Hy

(49)

where A(x,y)=1-—x—y* =2y —x—y), xy =
2Ey /My and yy = My, /My and where the SM Z decay
width is I',_ ), = 2.50 GeV [45]. Here we assume mass-
less fermions in the Z — ffH; decay, which is a good
approximation at low My, . This decay mode complements
the ZZH,; coupling constraint quite well as it is valid below
the reach of the LEP limit on £7z5.. Since the masses of
H,, Hy, and A, are typically larger than M, we only
consider Z — H,A, and Z — ffH, decay modes®.

The neutralino sector also provides constraints on the
allowed parameter space via Z boson decay. If M 0=

M,/2, then Z decays into neutralino pairs and this decay
contributes to the invisible Z-decay width. Since the Z does
not couple to the singlino, the superpartner of the Higgs
singlet, the decay width formula in the extended models is
similar to that of the MSSM, except for mixing effects [46].
The Z decay width to neutralino pairs, when kinematically
accessible, is

o = BN P = [N, 2RO — M.
Z— XX 967 M 13 14 z X0

(50

The neutralino rotation matrix elements, N;;, are found by

diagonalizing the model-dependent neutralino mass-
squared matrices in Appendix C.
The Z — Z' mixing angle,

2M?

1 /
Ay = —tan‘(i), (5D
2 M, — M3
is also constrained by electroweak precision data to be less
than O(1073), where the exact value is dependent on the
U(1)' model. The Z' mass parameters are

M3, = g1(0F,vi + OF, vi + 03s%),

M%Z/ = gl’\/g% + g%(vtszHd - UiQHu)'

Equation (51) bounds what types of Z' models and asso-
ciated Higgs sector parameters are allowed; it translates
into a high value of s, typically at the TeV scale. There do,
however, exist isolated points that allow a suppression of
azz at low s such as the following

(i) If Qp,, On, have the same sign, a cancellation
Qny
Ou,”

(52)

occurs at tanf8 =

8Singlet mixing may allow H, or A, to be slightly less than M,
but the decay is still kinematically inaccessible.
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(i) If Qy, is small and tang is large, the mixing term is
suppressed.

The Z' mass is also constrained [32,33], but the limits are
very model-dependent on the quark and lepton couplings
and can be eliminated entirely in the leptophobic Z’ case
[47]. In any case, the large s limit yields a Z' with mass
typically large enough to avoid existing experimental con-
straints. Therefore, we only apply the Z — Z' mixing con-
straint in our study.

Constraints due to the possibility of electroweak baryo-
genesis have been previously explored in the NMSSM
[10], the sMSSM [48] and the nMSSM [49]. The cubic
(A,) term in the tree-level potential makes it much easier to
achieve the needed strongly first-order phase transition in
these models than in the MSSM [50]. However, we do not
consider CP-violating phases in the Higgs sector, which is
also a necessary condition for baryogenesis. Furthermore,
there are other possibilities for baryogenesis. Therefore,
electroweak baryogenesis constraints are not included
here.

IV. PARAMETER SCANS

To generate the Higgs boson masses, we perform both
grid and random scans over the allowed available parame-
ter space of each model. In the random scan, we evaluate
500000 points in the available parameter space for each
model. Our grid scan gives a reproducible catalogue of the
Higgs masses of each model. However, due to the large
number of parameters, a finely spaced grid on individual
parameters is not feasible. The results from the grid scan
serve as a useful guide of the allowed Higgs boson masses
but do not provide definitive upper or lower mass limits.

The model-independent parameters scanned over are
tanB, s, Wesrs Ag, A, and M,, where we always assume

. . . 5¢2
gaugino mass unification M| = M = i;Mz. The masses
385

M and M ;5 are the soft masses of the up-type squarks and
doublet-type squarks, respectively, and are fixed at 1 TeV;
M is the mass of the Z’-ino in the UMSSM. The model-
dependent parameters are k and A, for the NMSSM, ¢,
and &g for the n/sMSSM, and 6 for the UMSSM.

In the parameter scans, we veto points that fail the direct
and indirect constraints of Section III. We choose the phase
convention A; > 0, w4 > 0, with all the VEVs real and
positive. We limit 4 to be real and positive and allow the
gaugino mass M, and coupling « to be real with either
sign, although more generally these parameters could be
complex. With complex parameters, CP violation could
occur. If phases were included, the Higgs sector would be
further complicated with up to five states for the NMSSM
and n/sMSSM (four states for the UMSSM) that can inter-
mix. The Higgs sector with an arbitrary number of addi-
tional singlets and CP violation was studied in Ref. [35].

The couplings run as the energy scale is varied.
Naturalness and the requirement that the couplings remain
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TABLE II.
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Parameter ranges in scans. (a) Model-independent parameters. (b) Model-

dependent parameters. Parameters not scanned assume the values My = My =1 TeV and Q =

300 GeV.
tan3 s Meff Ay A, M,
Range 1,50 50,2000 GeV 50, 1000GeV 0,1TeV —1,1TeV —500, 500 GeV
Step size - 100 GeV 100 GeV 100 GeV 250 GeV 100 GeV
K A & 43 GE(,
Range —0.75, 0.75 —1,1TeV -1,1 -1,1 0, 7
Step size 0.25 250 GeV 0.2 0.2 5

perturbative at the GUT scale limits 0.1 = A, = 0.75 or

0.1 = /«k? + h2 < 0.75 for the NMSSM. The couplings in
the n/sMSSM are real and fixed in the interval —1 =
&g, € = 1 with M, = 500 GeV. We also constrain ti.g
to the range 50 =< u.; = 1000 GeV to avoid fine-tuning.
A summary of the scan ranges over model parameters are
given in Table II. For the grid scan, the step size for each
parameter is given and we specifically scan tanB =
1, 1.5,2, 10, 50.

V. DISCUSSION OF THE HIGGS MASS SPECTRA

Throughout most of the parameter space, model distin-
guishing features are apparent in the Higgs masses.
However, different models can produce similar masses
and mixings in certain limits. Characteristics that are a
direct consequence of how the singlet states mix affect
the limits placed on the lightest Higgs boson mass.

A. Common characteristics

If the model-dependent parameters in the Higgs mass-
squared matrices are set to zero, we obtain common mass-
squared matrices and an additional symmetry that applies
for each model. For the n/sMSSM, this is a Peccei-Quinn
(PQ) symmetry which protects the mass of one CP-odd
Higgs. Depending on what parameters vanish, the NMSSM
may either have a PQ or a U(1), symmetry [51], the global
invariance of supersymmetry. Near these limits, the A,
mass in these extended models is small, allowing decay
modes involving light CP-odd Higgs bosons; this is ad-
dressed in more detail in Sec. VIB.

In the UMSSM in the g, — O limit, the gauged U(1)’
turns into a global U(1)pg symmetry for the matter fields.
A massless CP-odd state, A, emerges, which is just the
Goldstone boson of the broken U(1) while the other
CP-odd state, present for g;; # 0, remains massive. The
Z' decouples and remains massless in this limit. In
Table III, we summarize the common limits of the ex-
tended models.

In the PQ limits (and for the UMSSM for all g;/), the
CP-odd Higgs mass-squared matrix factors into a tree-

level matrix times the one-loop correction. Such a form
is required by the U(1) symmetries to require the existence
of two massless CP-odd goldstones, one of which is eaten
by the Z and the second by the Z' in the UMSSM after

radiative corrections are included. Thus, M, is elevated by
2
a factor of 1+ kgAA’ F, where the F term is the loop

contribution, i.e.,

h.A h2 A v, U,S  UyS
M2 =252 gL d7u g ZuZ 4 Zd7) (53
R T ) o

Effectively the soft mass is increased by

h2
A, — A, + k?’Ath (54)

to promote the tree-level mass of the CP-odd Higgs boson
to the radiatively corrected one. In the U(1)g limit of the
NMSSM, the radiative correction to the CP-odd masses
vanishes.

Another limit, the s-decoupling limit, s — co while

keeping pey = h—jg ~ O(EW), gives similar EW/TeV-scale

Higgs boson masses for all models. In this limit there is
little mixing among Higgs states. For the NMSSM and
UMSSM, two CP-even Higgs correspond to the MSSM
Higgs states, while the remaining Higgs boson is domi-
nantly singlet with the mass ordering depending on

TABLE III. Common Higgs mass-squared matrix limits of
various models and their effects. Note that in the UMSSM, the
U(1) is a global symmetry and not a remaining U(1)" symmetry.
In these limiting cases, two of the CP-even Higgs bosons of each
model are equivalent to the MSSM Higgs bosons if s > w,
while the third decouples and is heavy for the NMSSM, or light
for the n/sMSSM or UMSSM.

Model Limits Symmetry Effects
MSSM B—0 U(1)pg My, —0
NMSSM KA, —0 U(1)pg My, —0
NMSSM A A — 0 U(1)g My —0
n/sMSSM ép, Es— 0 U(1)pg My —0
UMSSM gr—0 Ul)pg My My —0
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A,, k, A, and gy:. In the n/sMSSM, the lightest Higgs boson
has vanishing mass and is singlet dominated while H, and
Hj; correspond to the MSSM Higgs bosons. Mass expres-
sions in this limit cay be found in Appendix D. The Higgs
boson that is dominantly singlet couples weakly to MSSM
particles.

The strength of a particular Higgs boson, H;, coupling to
fields in the MSSM may be quantified as the MSSM
fraction

2 ..
f{l/[issw[ = Z(Rli)z (55)
j=1
This quantity is not to be confused with the scaled ZZH,
coupling £775.. Since R is unitary, a sum rule exists

3
Z MSSM 2, (56)

which implies that at most two CP-even Higgs bosons can
be MSSM-like; equal mixing scenarios have £7123 = % A
similar quantity can be found for the CP-odd Higgs bo-
sons. In the UMSSM and in the limits in Table III for the
NMSSM and n/sMSSM, the MSSM fraction of the massive
CP-odd Higgs boson is

2 -1
’f}SSM <1+;}—20052,85in2,8> , (57)

consistent with the s-decoupling limit.

Since the trace is invariant under rotations, a mass-
squared sum rule exists. The limits in Table III lead to a
common sum rule of the tree-level Higgs masses:

THMO — MO] = - M3, = M2,
(58)

+—A42

2
HY + MHg

where the Z mass is given by M% = %2 (v3 + v2). The sum
rule for the MSSM is realized by taking the s-decoupling
limit in the n/sMSSM, and additionally requires g+ — 0 in
the UMSSM and « — 0 in the NMSSM. In the CP-even
and CP-odd mass-squared matrices of Sec. II, we see that
the upper left 2 X 2 submatrix is that of the MSSM while
the third column/row vanishes. Then, the decoupled My,
and My, (M for the UMSSM) become massless at tree
level and the Higgs mass-squared sum rules become
MSSM-like:

M3, + M2, — M3 = M3, (59)
where 7’ = HY and H° = HY are the usual MSSM

CP-even nggses

B. Distinguishing characteristics

The introduction of the singlet Higgs field in MSSM
extensions produces Higgs boson properties that are dis-
tinct from those of the MSSM. Each model has additional

PHYSICAL REVIEW D 73, 115010 (2006)

defining characteristics that may be used to distinguish one
model from another. In this section, we give bounds on the
lightest CP-even Higgs mass and provide expressions for
the masses utilizing the hierarchy of matrix elements given
in Appendix D. We scan over relevant model parameters to
determine their effects on the Higgs masses. Finally, we
summarize the results of the complete random and grid
scans.

1. Lightest CP-even Higgs mass bounds

In any supersymmetric theory that is perturbative at the
GUT scale, the lightest Higgs boson mass has an upper
limit [52]. Since the mass-squared CP-even matrix M , is
real and symmetric, an estimation of the upper bound on
the smallest mass-squared eigenvalue may be obtained by
the Rayleigh quotient

(60)

where u is an arbitrary nonzero vector. With the choices

u’ = (cosB, sinB)
= (cosB, sinB, 0)

the well-known upper bound of the lightest Higgs mass-
squared from the mass-squared matrices of Eq. (11)—(16)
and (30)—(35) are given as

(i) MSSM [53]:

[MSSM]
[extended models],  (61)

M2H0 = Micos223 + MY, (62)

where

(l) (M(l))IICOS2B + (jvl( ))228111

+ (MY, sin2. (63)
(i1)) NMSSM, n/sMSSM, and Peccei-Quinn limits [54]:
Mfio = Mjcos22B + n2vsin®28 + MWV, (64)

(iii) UMSSM [55]:

Mﬁlo = MZ%cos*2 + h2v2sin®23

+ g1 v*(Qy,co8’ B + Qy sin’B)* + MWD (65)

Although the upper bounds change with the choice of
the u vector, these results indicate that extended models
have larger upper bounds for the lightest Higgs due to the
contribution of the singlet scalar. The UMSSM can have
the largest upper bound due to the quartic coupling con-
tribution from the additional gauge coupling term, g/, in
the U(1)" extension. In the MSSM, large tan3 values are
suggested by the conflict between the experimental lower
bound and the theoretical upper bound on My, . Since the
extended models contain additional terms which relax the
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theoretical bound, they allow smaller values for tan8 than
the MSSM.

2. Numerical Evaluation of masses

a. CP-even Higgs masses—In Fig. 1 we show the varia-
tion of the lightest Higgs mass in the different models as
functions of s and tanf with the other parameters fixed.
(Similar plots for the heavier states are shown in
Appendix E) We only apply the theoretical constraints to
these spectra to see the general trends of the models before
experimental constraints are applied. The UMSSM would
fail to pass the a;, constraint in most of the plotted range
of s.

Note that the MSSM does not conform to the behavior of
the extended models in the CP-even sector. Since the
MSSM contains only two CP-even Higgs bosons, the
heavier of the two mass-squares increases with A, at
tree level, similar to the CP-odd and charged Higgs
masses. Since we fix h, = 0.5, this Higgs mass-squared
scales as the singlet VEV, s. The radiative corrections do
not contribute a significant s dependence to the mass-
squared matrix. The tree-level dependence on s prevents
a level crossing between the H; and H, states. However, in
the extended models there are three CP-even Higgs bo-

PHYSICAL REVIEW D 73, 115010 (2006)

sons. Level crossings are possible here as there is a Higgs
boson of intermediate mass: see Fig. 1(c). We also see a
significant difference between the MSSM and the
extended-MSSM models in the tanf scan, which is ex-
pected since a moderate value of s = 500 GeV is chosen.
The terms that differentiate the matrix elements in the
extended models from that of the MSSM are not negligible
at this value of s, giving different s-dependences of the
Higgs mass.

The MSSM tanf scan shows a dip in the Higgs mass at
tanB = 1 and a maximal mass is approached as tanf
increases. However, the extended-MSSM models have a
decrease in mass after tan of 2—4 due to the level crossing
with the additional moderate mass CP-even Higgs present
in these models. The presence of the dip in the masses at
tanB ~ 1 for the UMSSM and n/sMSSM is not a conse-
quence of a level crossing, but is due to the mass depen-
dence on tanB3. When tanf8 = 1, the upper bound on the
lightest CP-even Higgs mass decreases as seen in
Eq. (62)—(65). Overall, we see substantial differences in
the spectra of the lightest Higgs in the extended models
compared to the MSSM.

b. CP-odd Higgs Masses—Since only one massive
CP-odd Higgs boson exists in the MSSM, UMSSM, and
the Peccei-Quinn limit of the extended models, the CP-odd

FIG. 1 (color online).

s-varying curves). Input parameters of Ay =500 GeV, A, =1TeV, My =Mz =1TeV, k=05, A,

CP Even CP Odd
200 —-— MSSM T 2000 —-— MSSM T 7
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w o : P /‘/,/
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(@) (b)
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© (d)

Lightest CP-even and lightest CP-odd Higgs masses vs tanf and s for the MSSM, NMSSM, n/sMSSM,
UMSSM, and the PQ limits. Only the theoretical constraints are applied with s = 500 GeV (for tanS-varying curves), tan8 = 2 (for

—250 GeV, M, =

500 GeV, ép = —0.1, &= —0.1, hy =0.5, O = —tan’l\/g, and Q = 300 GeV, the renormalization scale, are taken. The
U(1)pq limit allows one massive CP-odd Higgs whose mass is equivalent to that of the UMSSM CP-odd Higgs.
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masses generally behave the same over both scans and
conform to the general scaling Miz ~ A s(cotB + tanf).

(The exact expression in these cases is given by Eq. (53),
with the first term omitted for the MSSM.) Further, we note
that the CP-odd mass in the Peccei-Quinn limit is identical
to that of the UMSSM, which may be understood by the
absence of mixings and the resulting mass splittings that
occur in the MSSM or other extended models. However,
the MSSM mass approaches the PQ/UMSSM mass as s
increases, a result consistent with the s-decoupling limit.
The lightest CP-odd Higgs in the n/sMSSM and the
NMSSM, however, does not share the similarities of the
other models. In these models, there are two CP-odd Higgs
bosons, resulting in a different dependences on s and tan 3.
Mixing effects tend to lower the lightest Higgs masses in
these models, providing interesting phenomenological
consequences. These are further discussed in Sec. VI.

c. Higgs mass ranges—We summarize the available
ranges found in the grid and random scans of the lightest
CP-even, CP-odd, and charged Higgs boson masses that
satisfy the applied constraints in Fig. 2. For each model, the
values of the maximum and minimum masses are given as
well as the reason for the bounds.

The lightest CP-even and CP-odd and the charged
Higgs boson mass ranges differ significantly among the
models. The CP-even Higgs mass range is quite restricted
in the MSSM and satisfies the upper theoretical mass
bound and lower experimental bound from LEP discussed

CP-Even Higgs Mass Range

MSSM I\ o

NMSSM|

WsMSSMI T T T T T T T T T T T T T T T T

LEP & oy, Th.
UMSSM
90 173

L 1 L
150 200

100
Higgs Mass (GeV)
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in Sec. III. The upper limits for the CP-even Higgs masses
in the extended models saturate the theoretical bounds and
are extended by 30—40 GeV compared to the MSSM while
the upper limits in the lightest CP-odd Higgs masses are
artificial in the MSSM and UMSSM as they change with
the size of the scan parameters such as A; and tan3. The
lower limits of the lightest CP-odd masses in the MSSM
and UMSSM reflect the LEP limits on M, )5 the UMSSM is
similar to the MSSM since s is required to be large by the
strict a7, constraint, decoupling the singlet state and
recovering a largely MSSM Higgs sector. However, fine-
tuning the Higgs doublet charges under the U(1) gauge
symmetry and tan3 allows the Z — Z’ mixing constraint on
s to be less severe, and can result in a lower Higgs mass
with respect to the MSSM. These instances along with the
values A; = A, = 0 GeV allow very low CP-even Higgs
masses at O(1 GeV) and a massless CP-odd state. Since
these points are distinct from the range of masses typically
found in the UMSSM, we do not show these points in Fig. 2
but simply note that they exist. However, the NMSSM and
n/sMSSM may have a massless CP-odd state due to global
U(1) symmetries discussed in Sec. VA while the upper
limit on the lightest CP-odd Higgs mass depends on the
specifics of the state crossing with the heavier state, A,,
that has a scan-dependent mass. In these models, the
CP-odd masses extend to zero since the mixing of two
CP-odd states allow one CP-odd Higgs to be completely
singlet and avoid the constraints discussed above.

CP-Odd Higgs Mass Range
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MSSM |f= == == —=r—mmmmm—m i m e —

_________________________________
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0 1632
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FIG. 2 (color online).

Mass ranges of the lightest CP-even and CP-odd and the charged Higgs bosons in each extended-MSSM

model from the grid and random scans. Explanation of extremal bounds and their values are provided for each model. Explanations are
Th.—theoretical bound met, value not sensitive to limits of the scan parameters; Scan-value sensitive to limits of the scan parameters;
State crossing - value has maximum when crossing of states occurs (specifically for A; and A, in the NMSSM and n/sMSSM); LEP—
experimental constraints from LEP; «,, —experimental constraints in the UMSSM on the Z — Z' mixing angle.
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FIG. 3 (color online). (a) LEP limit [38] on &,y = (8221,/85m)* = Uzezi /T3M .. the scaled ZZH, coupling in new physics, vs
the light Higgs mass. The solid black curve is the observed limit with a 95% C.L. Points falling below this curve pass the ZZH;
constraint. (b) cos?(8 — a) vs M. 4, in the MSSM. The hard cutoff shown by the solid green line at M,, = 93.4 GeV is due to the

constraint on o(ete™ — A;H,) discussed in Sec. III A.

The charged Higgs masses are found to be as low as
79 GeV in the scans, in agreement with the imposed
experimental limit of 78.6 GeV. In these cases where
My ~ 80 GeV, the charged Higgs is often the lightest
member of the Higgs spectrum. However, these cases
require fine-tuning to obtain values of w 4 > 100 GeV
[9]. The upper limit of the charged Higgs mass is depen-
dent on the range of the scan parameters as seen in
Eq. (45). The discrepancy in the upper limit of the charged
and CP-odd Higgs mass between the UMSSM and MSSM
is a consequence of a lower g in the UMSSM, resulting
in a lower My. Large values of . are more fine-tuned in
the UMSSM than the MSSM since the additional gauge,
gy, and Higgs, hg, couplings often drive M%,l <0.
Consequently, CP-odd and charged Higgs masses compa-
rable to the higher MSSM limit are not present in the scan.
The upper bound on the charged Higgs mass in the
NMSSM is relaxed due to the additional parameter of the
model.

d. Higgs boson searches—The focus of Higgs searches
is most commonly the lightest CP-even Higgs boson. In
the models that we consider, the lightest CP-even Higgs
boson can have different couplings than in the SM. In
Fig. 3(a), we show the present limits from LEP on the
scaled ZZH,; coupling.9 Mixing effects can lower the ZZH,
coupling and, in the MSSM, this occurs if M, is low, as
seen in Fig. 3(b) where the ZZH; coupling is lowest for
cos’(8 — @) = 1. However, an additional limit is placed
on the mixing via the e*e™ — A;H, cross section dis-
cussed in Sec. III A, eliminating low mass CP-even
Higgs bosons in the MSSM, as seen in Fig. 3(b). In
extended-MSSM models, additional mixing may occur
with the singlet fields. Because of this mixing and the
subsequent evasion of the LEP limit on the ZZH; coupling,
the lightest CP-even Higgs may then have a mass smaller

®For clarity, in all the plots that follow we sample the passed
points in the results from the random scans.

than the SM Higgs mass limit. Indeed, attempts to explain
the 2.30 and 1.70 excess of Higgs events at LEP for
masses of 98 GeV and 114.4 GeV, respectively, with light
CP-even Higgs bosons in the UMSSM have been explored
[56]. This slight excess has also been studied in the
NMSSM where a light Higgs with a SM coupling to ZZ
decays to CP-odd pairs [57].

The reduction in the CP-even Higgs mass in extended
models can be seen in Fig. 4, where we plot the MSSM
fraction versus the Higgs boson mass. When there is little
mixing between the singlet and doublet Higgs fields, the
MSSM limit is reached and the LEP bound applies, as seen
by the MSSM cutoffs at {ysggmy = 1 and My, = 114.4
GeV. A common feature of each model is a CP-even
Higgs boson with a mass range concentrated just above
the LEP SM mass limit shown by the dark-green vertical
line. These Higgs bosons have a large MSSM fraction, for
which the ZZH; coupling limit is effective in elimination
of the generated points. We note that there are cases where
a Higgs boson mass below 114.4 GeV but with relatively
high MSSM fraction is allowed due to cancellation be-
tween the rotation matrices in Eq. (46). This cancellation
permits the lightest MSSM Higgs boson to be below the
SM limit, and has been taken as a possible explanation of
the Higgs signal excess [58].

By measuring the lightest Higgs boson couplings to
MSSM fields, an estimation of the MSSM fraction may
be obtained, providing important information on the sin-
glet content. In the NMSSM and especially the n/sMSSM
the lightest CP-even Higgs boson may have both low
MSSM fraction and low mass as seen in Fig. 4(d). Since
M 18 fixed at the EW scale, the matrix elements (M, );;
are suppressed in the n/sMSSM at large s. This results in a
low mass CP-even Higgs boson with high singlet compo-
sition; the other Higgs states have a high MSSM fraction
due to the sum rule in Eq. (56). However in the n/sMSSM,
the existence of a low mass CP-even Higgs boson depends
on the value of £5. In Appendix D 2 g, we show that the
tree-level mass-squares of the singlet-dominated CP-even
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FIG. 4 (color online).

Higgs masses vs &yssy in the (a) NMSSM, (b) n/sMSSM, (c) UMSSM, and (d) the lightest CP-even Higgs of

all extended models. The vertical line is the LEP lower bound on the MSSM (SM-like) Higgs mass.

and odd Higgs bosons in the n/sMSSM at large s are

V2EsM;
My, ~ Mj, ~ = =2, (66)

which forces the parameter &g to be negative in this limit.
Therefore, a largely singlet CP-even Higgs boson can have
a mass lower than the LEP limit if

(114 GeV)*s

— < ——

0.1. (67)

In Fig. 5, we show the Higgs mass dependence on this
parameter, which exhibits the crossing of states at &g =
—0.1.

In the UMSSM, the lightest Higgs mass is concentrated
near the LEP limit with &gy near one, which is a direct
consequence of the high s constraint placed by the strict
a7z limit. This is also seen in Fig. 6, where we plot the
Higgs masses versus the singlet VEV. The lowest allowed
point in the UMSSM has s above ~800 GeV, compared to
the other models which allow s to be as low as a few
hundred GeV. By examining Fig. 4(c) and 6(c) we see
that My, varies linearly with s and is characteristically
dominantly singlet. Without the a7, constraint, the H, and
H, states cross near s ~ 400 GeV. This constraint may be
evaded by the fine-tuning cases discussed in Sec. VB 2. At

this point, the mass eigenstates switch content, below
which the lightest Higgs is dominantly singlet, has a
mass below the LEP bound, and evades the ZZH; coupling
constraint.

The Higgs mass dependence on tan has some interest-
ing features, especially that of the lightest Higgs. We show

W/sMSSM, M, = 500 GeV

-0.4
v Hl -
wp H,
-0.6 4
A 1
0.8 Ay * -
H+/— & |
- Ll A iR,
10 100 1000 10000
Higgs Mass (GeV)

FIG. 5 (color online). Higgs mass dependence on £y in the n/
sMSSM. When &g ~ —0.1, H, and H; switch content, allowing
a light CP-even Higgs below the LEP limit.

115010-13



BARGER, LANGACKER, LEE, AND SHAUGHNESSY

NMSSM

PHYSICAL REVIEW D 73, 115010 (2006)

n/sMSSM

a H
1
< Hyl. 1000
1000] » Hy | %"
= A =
S 1 <}
2 at 2 100
» 100 »
en o0
ket S
i 2 1
H +
l(} 1 1 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000
s (GeV) s (GeV)
(@) (®)
UMSSM Lightest Higgs
N Hl T T T
< Hy
H
3 1
S . Ay ‘1 L > s A4 <8
@looo u W * % Ty 1 @100- a < e j :«‘u L <
4 A
2 . % so[2 NMSSM |<4 © L Ya §
§ Y g ‘2“ < n/sMSSM 4 gt e,y
. G oLz _UMSSM ot E “ ]
& g ¥ Pl % 2 < 9 < <
) e ) < Ca Tqaa
8 < = <4 M
= L s £ s0F . < P,
b % P
P N e < dy A
201 a g 42 < and
% < < <4 4
: a M. N Amﬂsfqumm . qujqwlgdﬁj q waT g
100 0
500 1000

1500 2000

s (GeV)
©

FIG. 6 (color online).

1
500 1000 1500

s (GeV)

(@

Higgs masses vs s in the (a) NMSSM, (b) n/sMSSM, (c) UMSSM, and (d) the lightest CP-even Higgs of all

extended models. The vertical line is the LEP lower bound on the mass of the SM Higgs.

this dependence in Fig. 7 for all the Higgs bosons of each
extended-MSSM model and separately for the lightest
Higgs in all the models considered. The lightest CP-even
Higgs boson mass vs tanf in each model shown in
Fig. 7(d) has a majority of generated points in the band
114.4 GeV = My, = 135 GeV and tan = 2. This is one
of the salient features of the MSSM as shown in Fig. 1(a).
The MSSM parameter space has a lower cutoff at tan3 ~ 2
due to the LEP limit at 114.4 GeV for a SM-like Higgs and
is shown in Fig. 7(d) as the intersection of the theoretical
MSSM Higgs mass limit shown in blue and the LEP limit
in green. However, the extended-MSSM models may have
values of tan that are below this region. Since mixing
effects can decrease the lightest Higgs mass and thereby
satisfy the LEP bounds, a strict bound on tanS cannot be
given. Additionally, an increase in the Higgs mass from the
MSSM theoretical limit shown in Sec. VB 1 can permit
low tanf scenarios which have masses above the LEP
limit.

Among these models, the heaviest CP-odd Higgs state
follows the same dependence on tan 83 that was noted above
in Sec. VB 2. The heaviest CP-even Higgs and charged
Higgs bosons also follow this trend with the charged Higgs
boson mass having the same tanS dependence as the
CP-odd Higgs mass, see e.g. Eq. (45). The heaviest
CP-even and CP-odd Higgs masses are approximately
the same even after radiative corrections. An explanation

is provided by the mass-squared sum rules that each model
obeys, namely

> Mp, —
i

The sums are over the massive Higgs bosons, and M yssm
is a model-dependent mass parameter with values

DM = My + Miysen + M, (68)

J

Mipssm = 2k(—hvv, + s(V2A, + sK)), (69)
Mrzl/sMSSM =0, (70)
Mvssu = M3 (71)

The term 6M? in Eq. (68) is due to the radiative correc-
tions, and has a value

SM? = Ti{ M — ML), (72)

that gives an estimate of the effect the radiative corrections
have on the Higgs masses. Note that the CP-odd radiative
corrections, the F terms, are cancelled by equivalent terms
in the CP-even mass-squared matrix. The radiative correc-
tions alter the sum rule by at most @(100 GeV)? over most
of the scanned range, as seen in Fig. 8§ where we plot the
shift versus both tanB and A,.

The radiative correction contributions to the sum rule are
largest for large A, and small tanf8. Since the top quark
Yukawa coupling increases when tanf is small, the radia-
tive corrections are enhanced at small tan3, causing larger
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extended models where the blue curve shows the theoretical MSSM mass limit with maximal mixing in the stop mass-squared matrix.
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Radiative corrections, SM = (8M?)'/2 to the Higgs mass-squared sum rule vs (a) tanS and (b) A,. The radiative corrections

introduce a deviation from the sum rule by at most @(100 GeV)? over most of the range of the scan. A larger deviation is seen at low

tanB due to a larger Yukawa coupling there.

deviations from the sum rule. Since radiative corrections
only affect the sum rule by O(100 GeV), any high mass
CP-even Higgs boson contribution must be cancelled by a
CP-odd Higgs of similar mass.

VI. COLLIDER PHENOMENOLOGY

Higgs boson decays are important to consider as they
affect signals at colliders. Both production and decay
modes are relevant in determining whether a given model
yields detectable Higgs physics. While Higgs searches
have been addressed for the NMSSM [5,59], a side-by-
side comparison of the NMSSM, n/sMSSM, and UMSSM
has not yet been made. In the above parameter scans, we

calculate the partial decay widths relevant to production
and branching fraction for decays in these models of
various important modes.

A. Higgs production

At hadron colliders the dominant production of the
lightest Higgs boson in the SM proceeds through gg fusion
and/or weak boson fusion (WBF). The Higgs production
cross sections are directly related to Higgs decay widths
when the decay channels are kinematically accessible at
the Higgs mass. Considerable effort has been put into
calculating Higgs decays beyond leading order [60]. In
the SM, MSSM, and NMSSM, numerical codes have
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Decay widths for WW*, ZZ*, and gg in the MSSM and extended-MSSM models. Curves denote the

corresponding SM width. For clarity, not all points generated are shown.

been implemented to calculate these widths precisely
[61,62]. We calculate the partial decay widths of H —
g8, WW, and ZZ in each model via HDECAY [61] with
the SM Higgs couplings modified to reflect the model of
interest. Higgs decay to gg occurs via quark and squark
loops and is calculated at NLO. However, to a good ap-
proximation, the loops involving heavy squarks are sup-
pressed [63]. The large squark mass approximation is

justified for our assumed values of Mg = Mg = MB' =

1 TeV. Therefore, we only consider the SM quark loops in
the H — gg calculation. Decays to weak boson pairs are
calculated at tree level as the radiative corrections to the
width are negligible.

In Fig. 9, we plot the partial widths of the lightest Higgs
boson for the SM, MSSM and extended-MSSM models.
Since the n/sMSSM and, to a lesser extent, the NMSSM
contain a very light Higgs with high singlet composition,
its decay widths to SM particles are highly suppressed.
However, from Fig. 4, the second lightest CP-even Higgs
boson in the n/sMSSM has a high MSSM fraction and
often has comparable mass to the lightest Higgs bosons
in other models. Hence, we also show the decay width of
the second lightest Higgs boson in the n/SMSSM, as it is
characteristically similar to the lightest Higgs boson of the
MSSM. The decay widths of the lightest Higgs in the
MSSM show a large spread with respect to the SM, asso-
ciated with low A, mass: see Fig. 3b. When M, > M,
the masses and couplings of the lightest CP-even Higgs
approach those of the SM Higgs [64]. In the UMSSM, the
a7z limit forces the model to be near the s-decoupling
limit, resulting in masses, couplings, and decay widths that

are close to those of the MSSM. Consequently, the
UMSSM decay widths lie directly on the SM width in
Fig. 9.

In the models considered, the H; mass is typically below
the WW and ZZ thresholds. Therefore, the off-shell WW*
and ZZ* decay widths are evaluated in the MSSM and its
extensions'’. For the decays of the very light Higgs boson
to occur in the n/SMSSM two off-shell gauge bosons are
involved, resulting in high kinematic suppression of decay
rates. In all the models considered, the WW* and ZZ*
partial widths are bounded above by those of the SM.
This is a consequence of the complementarity of the cou-
plings of H; and H, to gauge fields in the MSSM. The
gauge couplings in the MSSM follow the relation

SM )2 _ (,MSSM)2 MSSM2
(gvvi)” = (gVVHl + (gVVHz) .

(73)

More sum rules exist in the MSSM and can be found in
Ref. [65]. In extended-MSSM models the gauge couplings
are related to the SM couplings by

gyvr, = &y (R cosB + R sinp), (74)

igosMz8,,
cosfy
rule in Eq. (73) generalizes to one involving three Higgs
couplings. Therefore, the coupling of the lightest Higgs
boson to weak bosons in the MSSM and its extensions is

where g3 = and g3, = ig2Myg,,. The sum

'°In this case the decay width cannot be translated directly into
production rates since they require transverse and longitudinal
polarizations of the W-bosons to be treated separately. However,
the gauge coupling is equivalent in either case, and its scaling
contains the suppression of the production rate.
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always reduced compared to the SM couplings. LEP con-
straints require the ZZH; coupling to be below the SM
coupling when the Higgs mass is below the 114.4 GeV
limit. Associated production ¢g — V* — VH; for SM
Higgs bosons can be important at the Tevatron and the
LHC for low Higgs masses [2,66]. The corresponding
production cross section can be scaled from the SM calcu-
lation by the VV H; coupling in Eq. (74).

The H, — gg partial width governs Higgs boson pro-
duction via gg fusion at hadron colliders. We see in Fig. 9
that the gg partial decay width is typically suppressed in
the n/sMSSM for a low mass of the lightest Higgs boson
since it is dominantly singlet. However, there is a trade-off
in the production cross section between smaller I'(H —
gg) and the kinematic enhancement from a lighter My
whose interplay is beyond the scope of this paper. The
lightest Higgs in the NMSSM and MSSM and the second
lightest Higgs in the n/sMSSM have decay widths to gg
that may be either enhanced or suppressed by a few orders
of magnitude depending on the Higgs coupling to the
internal quarks and their interferences. However, the light-
est Higgs in the UMSSM and the MSSM in the limit of a
large CP-odd mass shows no significant deviations from
the SM h — gg decay width.

B. Decay branching fractions

Specific decay modes are important for identifying the
Higgs boson at colliders. We calculate the contributions of
bb, c¢, s5, 717, wtu™, WW*, ZZ*, and gg to the total
decay width of the lightest or MSSM-like Higgs boson in
each model using HDECAY after modifying the corre-
sponding Higgs couplings. In addition, non-SM decays
including x? ! and A;A; are calculated since they are often
quite light in the extended-MSSM models. The decays to
vy, and yZ are also calculated with loops involving
quarks, W=-bosons, charged Higgs bosons, charginos,
and squarks (which decouple for sufficiently large squark
mass).

The branching fractions of representative decays to the
SM particles WW*, ZZ*, bb, 77, vy, and Zvy are
presented in Fig. 10 for the lightest CP-even Higgs boson
in the MSSM, NMSSM, and UMSSM, either H; or H, in
the n/sMSSM, and 4 in the SM.

Note that the branching fractions may be larger in the
SUSY models than in the SM. For instance, in the NMSSM
the branching fractions to WW* and ZZ* can be larger than
the corresponding SM branching fractions, as seen in
Fig. 10. These enhancements are due to the smaller total
decay width of the Higgs boson rather than an enhance-
ment of the particular partial width and may aid in the H —
W*W* — [pjj and I7 [ v discovery modes at the Tevatron
[67]. Since the dominant decay mode is typically to bb in
the mass range 2m;, < =< 140 GeV, any decrease in
the bb partial width reduces the total Higgs width. The
Higgs boson couplings to fermions are related to the SM

PHYSICAL REVIEW D 73, 115010 (2006)

values by
SM 4 SM R
= , = —, 75
8adar; = &}fh cosp 8uut; = &fh sing (75)
SM _ _ igymy . . _
where g77), >, - Hence, either suppression or en

hancement of the partial decay widths to fermions is
possible, but not to an arbitrary degree, since in the
MSSM the rotation matrices and tan obey the tree-level
relation

2 M2
sin2a = — 2 5in2, (76)
W~ My
where sina = Ri! and cosa = R'? in the MSSM. A similar
expression holds for the extended models, which restricts
the rotation matrix values. As noted earlier, the couplings
converge to SM couplings just as they do for the MSSM in
the s-decoupling limit [64].

For a SM Higgs boson of mass below 150 GeV, h — yvy
is a significant mode for discovery at the LHC. The branch-
ing fraction for this mode can be enhanced significantly
due to the modified fermion loops in the n/sMSSM and
NMSSM for the same reasons that the H — gg decay
width is enhanced, providing more opportunity for discov-
ery. The Higgs couplings to W-bosons, charginos and H*
also affect the yy and Zvy branching fractions, shown in
Fig. 10. These couplings are reduced from their MSSM
values. However, the reduced couplings may not neces-
sarily lead to a rate suppression as interference effects can
enhance the overall partial decay widths.

1. Non-SM decays

Decays to non-SM particles can also be important in the
extended models. Since the lightest neutralino is a dark
matter candidate, its production at colliders is of great
interest to both the particle physics and cosmology com-
munities [68]. We show in Fig. 11(a) the kinematic region
where neutralino production via the decay H; — x9x! is
possible. The couplings and masses of the lightest neutra-
lino have been investigated for the models considered here
[7], and M 0 may be quite small in the n/sSMSSM [7,49].

However, in the n/sMSSM most of the kinematic region is
disfavored due to a large x) relic density [7]. This is
indicated in Fig. 11(a) below the red horizontal line at
M, 0 = = 30 GeV, which is the lower bound of M , 0 allowed

by the dark matter relic density constraint When only the
annihilation through the Z pole is considered. The Z pole is
the most relevant channel since the ,\/(1) in this model is very
light (M U 100 GeV). In principle, other annihilation
channels such as a very light Higgs may allow the lighter
X? although the pole will be quite narrow [69].
Furthermore, in the secluded (sMSSM) version of the
model, it is possible that the y! considered here actually
decays to a still lighter (almost) decoupled neutralino, as
discussed in Appendix A.
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FIG. 10 (color online).
branching fractions.
The x)x" partial decay width is given by
1
ot = Tgmaty,

X (M%-[I - 4M/2Y(IJ)|CH,»/\/?X?|2;

/\I/Z(Mi? /My, My /M)
(77
where the H;x?x" coupling is
Crpoe = [(82N12 = g1N11 + 81 Qp,Ni6)N13
+ 20N iyNisIRE + [(g1N1 — 82N
+ g1Qu Nig)Niy + V2hN 3N 5IR?
+[g1QsNiNis + V2hN13N s
— V2kN;5N;s]R%. (78)

where the expression for the NMSSM in Ref. [70] has been
generalized to include the UMSSM while the H,x{x!
coupling in the n/sMSSM does not contain any model-
dependence. For a particular model, the irrelevant parame-
ters are understood to be set to zero as in Eq. (5). The
lightest Higgs boson in the n/sMSSM can have a high

Branching fractions for various modes in the MSSM and extended-MSSM models. Curves denote SM

branching fraction to the lightest neutralino as seen in
Figs. 11(b). In fact, in this model the xx! branching
fraction can be near 100%.'" This Z decay is seen as
missing energy and makes Higgs searches difficult at the
Tevatron or LHC. It has been explored in the MSSM [72]
and more generally [73].

In addition to decays to neutralino pairs, decays involv-
ing the lightest CP-odd Higgs bosons are relevant in the
extended models. In Fig. 12(a) we show the possibilities
for decays involving both A; and H;, where A; is the
lightest nonzero CP-odd state for each model. The kine-
matic regions where Z — A;H, and H; — A;A; are given.
Even though the Z decay is possible in the n/sMSSM and
NMSSM, the coupling is suppressed due to the low MSSM
fraction of both A; and H, seen in Fig. 4(b). Also shown is

"'If we do not assume gaugino mass unification and assume that
Mege 18 light and My, is heavy, then X? is light and large X? X?
branching fractions are possible in the UMSSM, similar to those
found in the n/sMSSM. For constraints on M X in the MSSM
from supernova data see Ref. [71].
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the crossing of states in the n/sMSSM where H, and H;
switch content and hence their variation with M, . The
lightest CP-even and CP-odd Higgs masses in both the
MSSM and n/sMSSM show a strong correlation below the
LEP limit. In the MSSM, this is evident from Fig. 3(b)
where the reduced ZZh coupling occurs when cos?(8 — «)
does not vanish, resulting in a lower CP-even Higgs mass.
The n/sMSSM correlation is more clearly shown in Fig. 5
where the crossing of states at £¢ ~ —0.1 is discussed.
The H — A;A; mode can be significant if allowed kine-
matically [6] and has been studied in the NMSSM [74] and
in the general singlet extended-MSSM via an operator
analysis [75]. Since the lightest Higgs masses are small
in the n/sMSSM at low |&|, we scan over this parameter
with a higher density in this region to be near the PQ limit,
which gives a lightest CP-odd Higgs boson of low mass. In
Fig. 12(a), all the points below the line M H = = 2M,, allow

this decay; the corresponding partial w1dth is given by

1
— 2002 M2 M2 MR 2
16mMy, AV My MG I ME D Craa P (79)
where the H;A;A; coupling,
Craa, = PuPaPaV, (80)
200 .
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FIG. 12 (color online).
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is determined by the projection operators that parallel the
equivalent MSSM operators in Ref. [76]

1 9 3

Py =—=(R! — + R} —+ R} —) 81
AN ( 8¢>d s do ®h

P, = <R’1 LRy pi ) (82)
2\ ey I, a¢

where we evaluate the potential at the minimum ¢, , =
o = ¢,q = & = 0, where the field values are shifted to the
minimum as in Eq. (10).

The H; — A,A, decay is not allowed in the UMSSM.
This is because the a,, constraint often requires a large
value of s resulting in a CP-odd mass above the typical
CP-even mass, see, e.g., Eq. (D14). However, the A A,
decay is kinematically allowed in both the n/sSMSSM and
NMSSM. When allowed, this decay mode can be dominant
in the NMSSM as seen in Fig. 12(b). In the n/sMSSM, the
H; — A;A, decay mode is suppressed since there is no
tree-level coupling of three singlet Higgs states in this
model and the H; and A; states are dominantly singlet.
However, because H; is not completely a singlet, these
decays can still be non-negligible. In Fig. 13(a), we show
the H; — A;A; decay width in the n/sMSSM versus the
product of the MSSM fractions of H; and A,. As both
MSSM fractions vanish, H; and A; become singlet domi-
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(@) My, vs M, showing the kinematics for decays in extended-MSSM models, where A; is the lightest

nonzero CP-odd state for each model. H; — A;A; decays are allowed for regions below the blue-dashed line. Decays of Z — H A, are
allowed to the left of the green dark line. (b) H — A;A; branching fraction vs Higgs mass. The n/sMSSM parameter £ is scanned with

a higher density at low |&g| to allow low Higgs masses.
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(a) Hy — A A decay width in the n/sMSSM vs the product of the MSSM fractions of H; and A;. (b)

My, /M g, vs tanB in the n/sMSSM. The horizontal line marks the production threshold of H; — AA;.

nated, giving a vanishing decay width in the n/sMSSM due
to the absence of a singlet self-coupling. Nevertheless, this
partial decay width alone characteristically exceeds the
total width of the SM Higgs boson as can be seen in Fig. 14.

The MSSM-like second lightest Higgs boson in the n/
sMSSM also may have a large branching fraction to light A
pairs. Since H, has a large MSSM fraction, the coupling to
the singlet A; pairs is not suppressed. In addition, kine-
matic suppression is absent due to the larger mass of H,. In
the lightest Higgs boson decay to A;A; in the n/sMSSM,
low tanp is preferred as shown in Fig. 13(b), where the
horizontal line marks the production threshold. This decay
also requires a low A; mass and results from the near-
Peccei-Quinn limit when £ — 0. The low tan 3 preference
is a result of the larger H; mass in this region. This
enhancement is suggested in the one-parameter scans
shown in Figs. 1(a) and 15 where the lightest Higgs mass
is peaked at low tan3 due to the crossing of Higgs states. In
contrast, while the NMSSM’s lightest Higgs mass is maxi-
mal at low tanf, a sharp drop as tanf is increased is not
present, yielding little to no correlation of tanB with the
existence of this decay mode.

1e+05g
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100f ;
1of

0.1f
0.01F

Total Width (MeV)

H NMSsM ]
H, n/sMSSM |3
H, n/sMSSM ({
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:
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0.001E

0.0001

Higgs Mass (GeV)

FIG. 14 (color online). Total decay width for each model.
Large enhancements with respect to the SM are largely due to
the decays to A;A; and x9x?.

Finally, we show the total decay width of the light
CP-even Higgs bosons to SM modes and x{x! and A;A;
in the models considered in Fig. 14. The total decay width
can be enhanced due to the x?x" and A;A; partial widths.
The total width in the MSSM can be larger than the SM due
to the enhanced couplings of the Higgs to bb when away
from the MSSM decoupling limit. In the n/sMSSM, Higgs
masses above the LEP bound decaying to x! pairs make a
contribution to the total width that is no larger than a few
MeV. The A;A; decays are responsible for the significantly
larger total widths in the NMSSM and n/sMSSM.

VII. CONCLUSIONS

Extensions of the MSSM that include a singlet scalar
field provide a natural solution to the undesirable fine-
tuning of the w-parameter needed in the MSSM. After
symmetry breaking, the singlet Higgs obtains a VEV, gen-
erating an effective w-parameter naturally at the EW/TeV
scale. While the extensions to the MSSM that we consider
each contain at least one additional singlet field, S, the
symmetries that distinguish each model and their resulting
superpotential terms provide phenomenologically distinct
consequences. We made grid and random scans over the
parameter space of each model and imposed the LEP
experimental bounds on the lightest CP-even ZZH,; cou-
plings. The limits on M,, and My, in the MSSM were
converted to associated A;H; production cross section
limits and imposed. We also imposed constraints from
the LEP chargino mass limit and new contributions to the
invisible Z decay width. Within the UMSSM, we enforced
an additional constraint on the Z’ boson mixing with the
SM Z.

We found the following interesting properties of the
considered models:

(1) The lightest Higgs boson can have a considerable
singlet fraction in the n/sMSSM and NMSSM.
Since the singlet field does not couple to SM fields,
the couplings of the lightest Higgs to MSSM par-
ticles are reduced due to the mixing of the singlet
field with the doublet Higgs bosons, resulting in
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(i)

(iii)

the e*e™ production cross sections being signifi-
cantly smaller. Therefore, in the n/sMSSM and
NMSSM, Higgs boson masses that are consider-
ably smaller than the LEP bound on the SM Higgs
boson mass are possible. The upper bound on the
lightest CP-even Higgs mass in extended-MSSM
models is also relaxed due to the contribution of
the singlet scalar through the mixing of the Higgs
doublets and the singlet. The upper limit in pa-
rameter scans is increased up to 164 GeV for the
NMSSM and 170 GeV for the n/sMSSM. The
lightest CP-even Higgs mass in the UMSSM can
be as large as 173 GeV due to additional gauge
interactions; however, the lower bound on the
lightest CP-even Higgs mass is similar to that of
the MSSM.

A common feature of each model is a CP-even
Higgs boson with a mass in a range concentrated
just above the SM mass limit. At least two
CP-even Higgs bosons must have nonzero
MSSM fractions, making the lightest non-singlet-
dominated Higgs obey limits on the ZZH; cou-
pling, forbidding masses below 114.4 GeV unless
additional doublet mixing occurs. The lightest
Higgs in the NMSSM and n/sMSSM can evade
this by singlet-doublet mixing, allowing a Higgs
with mass just below the SM limit.

In the s-decoupling limit with fixed . at the EW/
TeV scale, two Higgs states correspond to the
MSSM Higgs states. The s-decoupling limit in
the n/SMSSM and UMSSM yields two CP-even
Higgs bosons with similar masses and couplings to
those of the MSSM with one extra decoupled
Higgs. The s-decoupling limit is often achieved
in the UMSSM since the strict a7 mixing con-
straint must be obeyed, and requires s to be at the
TeV scale. In this case, the mass of the decoupled
Higgs scales with s. However, the s-decoupling
limit is not always required in the UMSSM as
either a delicate cancellation of the mixing term
in the Z — Z' mass-squared matrix that requires

tanB ~ ‘/QHJ or asuppressionin Qy atlarge tan

can evade the mixing constraint. These fine-tuning
scenarios do allow s to be lower, but does not often
result in a dramatically reduced lightest Higgs
mass. In the n/sMSSM, the lightest Higgs boson
decouples as it has vanishing mass and is singlet
dominated while H, and Hj; correspond to the
MSSM Higgs bosons. However, the NMSSM
does not have this behavior. Although the
s-decoupling limit provides two MSSM-like
Higgs bosons, one becomes massless at tree level

and the other scales as 1/v/2ksueg csc23, while
the singlet Higgs boson mass scales with « and s.
This departure from the s-decoupling behavior of
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the other models is provided by the cubic self-
coupling of the singlet field in the superpotential.

(iv) Weak boson couplings of the Higgs bosons are
generally reduced from those of the SM, which
translates to lower Higgs production rates.
However, the production rates can be enhanced
kinematically since the Higgs mass can be lower
than the SM mass limit. Branching fractions may
be larger than in the SM due to the suppression of
the total width if the dominant bbh decay mode is
suppressed by mixing effects. The H — gg partial
width can be either enhanced or reduced due to
both enhancements of couplings to fields running
in the loops and their interference effects.

(v) The branching fraction for H — y7y can be en-
hanced significantly in the n/sMSSM and
NMSSM, providing more opportunity for Higgs
discovery. Interference effects aid the enhance-
ment of the overall decay width, as in H — gg.

(vi) Non-SM decays can become important if allowed.
The lightest Higgs boson in the n/sMSSM can have
a high branching fraction to light neutralino pairs if
kinematically allowed. This decay width can be as
large as a few MeV and contribute significantly to
the total width of the Higgs. However, in the n/
SMSSM, much of the allowed kinematic region
with M, 0 = 30 GeV may be disfavored from the
predlctlon of a high x? relic density. The H, —
A, A, decays are not favored in the UMSSM since s
must be large to avoid the Z-Z' mixing constraint,
which in turn pushes the allowed values of M,,
beyond the allowed region for the decay. When
allowed, this decay mode is dominant in the
NMSSM and n/sMSSM.

(vii) The total decay width of the lightest Higgs boson
can be enhanced by many orders of magnitude due
to the large partial widths for the non-SM modes
X)X and A;A;. Decays to xV pairs make a contri-
bution to the total width that is no larger than a few
MeV, while A;A; decays lead to significant total
width enhancements.
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APPENDIX A: THE SECLUDED U(1)-EXTENDED-
MSSM (SMSSM)

In the UMSSM a single standard model singlet field S
plays two roles: the expectation value of the scalar com-
ponent generates an effective w-parameter and also gen-
erates a mass for the Z'. There is some tension between
maintaining a small enough . = h,(S) and generating a
sufficiently large M, and small Z — Z' mixing. As we
have seen, this is most easily resolved by choosing a large
value for s and a small h,. This typically leads to two
CP-even MSSM-like Higgs scalars, one heavy CP-even
state that is largely singlet, and one MSSM-like CP-odd
Higgs. Similarly, if gaugino mass unification holds the
UMSSM in this limit involves four MSSM-like neutrali-
nos, and two heavy neutralinos which are mixtures of Z’
gaugino and § singlino [7].

The secluded U(1)’-extended model (sSMSSM) [13] sep-
arates g from the Z' mass by introducing four standard
models singlets'?, S, S|, S, S5. All of these are charged
under U(1)’ and contribute to M, but only S contributes to
Merr- Moreover, in an appropriate (decoupling) limit there
is an F and D flat direction along which S , ; acquire large
VeVs, so that M, is naturally much larger than w ¢ near
that limit. The most general form of the model involves a
complicated Higgs and neutralino spectrum, which was
studied in Ref. [43]. Here, we discuss the decoupling limit
in which (S;), (S,), (S3) are naturally large (TeV scale), and
show that in that limit the S , ; Higgs and neutralino states
(and the Z' gaugino) approximately decouple, and that the
Higgs and neutralino spectrum of the 5', H ., and H 4 are
identical to those of the nMSSM (this was commented on
for the neutralinos in Ref. [7]).

The Higgs part of the superpotential of the general
sMSSM is

W=hSH, H;+ 18,58 + W, (A1)

where the U(1)’ charges satisfy Oy + Qp, + Qs = 0 and
—Qs =05, =05, =—10s,, and W = u, S8, +
,u2§§2. The original form of the sMSSM [13] assumed
12 = 0 because small nonzero values reintroduce a form
of the w-problem'>. Setting 12 = 0 here would lead to
the limit of the nMSSM with &, = 0. We have checked
that £ = 0 does not alter the qualitative features of the
nMSSM. Nevertheless, we prefer to allow u;, # 0 here to
show the correspondence with the general nMSSM. The
Higgs potential contributions are

2This is motivated by concrete string constructions, which
often have multiple singlets of this kind. See, e.g., [77].

13Initially vanishing w; are not generated by loop corrections
until soft supersymmetry breaking is turned on because of
additional global U(1) symmetries of the superpotential.
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Ve =I|hH,  Hy + w8y + poSol* + h3(ISPIH, 12
+ ISPIH %) + A28 12182 + 128285 + wy SI?
+1A:8185 + woSI%, (A2)

G? 1
Vp = §(|Hu|2 — [H,»)? + 58%/(QS|S|2 + Oy |H,I?

3
+ Qu,|Hyl* + Z Os,18:17)%, (A3)
=

3
Viott = m124|Hu|2 + mlzjll—ldl2 + m§|5|2 + ngilsip
=

+ (Ah,SH, - Hy — AyA;S1 8,85 + h.c.)
+ (m3g, S| + mbg S8, +m3 ¢ STS, + h.c.).
(A4)

I - m m i
he soft mass-squares m2. and m%. are required to break
S, 5S,

two unwanted global U(1)pg symmetries (which are also
broken by w;, # 0). The m%lsz term can lead to CP
violation and can be ignored (it is useful in considering
electroweak baryogenesis [48]). For A, = u; = 0 the po-
tential has F and D flat directions involving large values for
the secluded sector fields S 5 5. If m%si = 0 as well the §;
tree-level potential will be unbounded below for appropri-
ate values of the §; soft parameters. Turning on small
values for these parameters (e.g., A, ~ 0.05) leads to a
natural hierarchy between the ordinary (H, 4 S) and se-
cluded sector fields, with typically (S;) ~ |[mg |/A,.

It is clear that (Al), (A2), and (A4) resemble the
nMSSM for the (H, 4, S) sector fields provided one iden-
tifies

ErME = p(S1) + na(Sy), M3
= m3g (1) + m5s (So) + A(S3)(k1(S2)
+ wo{S1)).

However, to establish the relation to the nMSSM one must
show that the mixing of these states with the secluded
sector fields are small and also that the U(1)’ D terms in
(A3) do not significantly affect the masses.

The decoupling described above does indeed occur in
the limit that AS<SIA>7 [m§Si<Si>]l/3’ [Mi<Si>]l/27 hsAs’ |mu,d|s
|mgl, and the gaugino masses are all small compared to the
U(1)-breaking scale M, ~ g [ Q%iI(Sl-)IZ]'/z. This can
be seen by explicitly examining the Higgs and neutralino
mass matrices, which are given for p; = 0 in Ref. [13,43]
and easily generalized to include w; # 0. The derivation is
straightforward but not very enlightening, so we will just
state the results.

(i) There are nine neutralinos, consisting of five with a
mass matrix and composition similar to the

(AS)
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nMSSM, and four additional states that have only
small mixings with the nMSSM sector. The latter
include two heavy states of masses ~ * My,
which are admixtures of the U(1)" gaugino Z' and
one linear combination of the singlinos S i» and two
light states (the orthogonal S; states). The heavy
states would be maximal mixtures of Z' and the
singlino state in the exact decoupling limit, with
significant deviations possible away from the limit.
The masses of the light singlinos and the splitting
of the heavy pair is comparable to the electroweak
scale, with the typical scale of the former at A(S;).
In some cases, the LSP is actually one of the light
neutralinos from the (approximately) decoupled
sector. The small mixing effects could then lead
to decays of the lightest neutralino from the
nMSSM sector, with significant collider and cos-
mological [78] implications.

(ii)) The CP-even Higgs sector consists of three
nMSSM-like states, and three additional states
that are mainly in the secluded sector S;,3. One
of the latter has a large mass of order M, gener-
ated by the D terms (which yield only one large
mass eigenvalue), while the other two may be much
lighter, typically at the electroweak scale (con-
trolled by [A,A,{S;)]"/?).

(iii) The CP-odd Higgs states include two nMSSM-like
states, and two that are mainly from the secluded
sector (the third secluded state is the eaten U(1)
Goldstone boson). The secluded states include one
with mass controlled by [A,A,(S;}]'/? and a second
that vanishes for mg; = u; = 0.

APPENDIX B: HIGGS MASS-SQUARED MATRICES

We present the appropriate superpotentials and minimi-
zation conditions that are used to determine the tree-level
Higgs mass-squared matrices in the MSSM [53], NMSSM
[14], nMSSM [19], and the UMSSM [27]. Additionally,
radiative corrections to the mass-squared matrices are ob-
tained via an effective potential whose method is outlined
below.

1. Tree-level Higgs potential
From the tree-level Higgs potential
V0=V +Vp+ Vips (B1)

the tree-level mass-squared matrices for the CP-even and
CP-odd Higgses are obtained by

aZVo
a0 |o

a2vo
Ipi0@; |o
(B2)
where (¢, ¢,, @3) represent (¢4, ¢, o), and similarly for
P1,23-

(Mgr)ij = (Mo—)zj =
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a. MSSM

In the MSSM, the superpotential and soft breaking terms
are

W=uH, -H;,+hUQ-H, (B3)

M A A, + BuH, - Hy + Ah, 0O

soft

— [MSSM (

a=1,2,3
CH, + H.c.) + M3IOR + MO + M3IDP
+ ME|LI* + MngElz + m2|Hy|* + m2|H,|?,
(B4)
giving a tree-level Higgs potential contributions

Vi = |ulP(Hy > + |H, ), (B5)

G2 g
Vo= (HP = 1H, PP+ (HPIH,P = |H, - HP),
(B6)

Vsoft = mi’lHdlz + m%lHulz + (Blu‘Hu : Hd + HC)
(B7)

We replace the soft mass terms in terms of the VEVs
using the potential minimization conditions,

17G? 17 G> v
2= — | 2+ — |2 - u?+Bu—, (B8
m; 2|:4}jd 2|:4i|vu M Mvd (B8)

17G? 17 G? v
2= == 2w+ Bt (B9
m, 2|: 4 :|vd 2|: 4 i|vu M /‘Lvu ( )

This results in the tree-level CP-even Higgs mass-squared
matrix elements

2

G v,
(MY)y, = [T}Ui + B,U«U—d, (B10)
G2
(M%), = T Valu T Bu, (B11)
0 G, Vda
M =T i+ Burt, @1

and tree-level CP-odd Higgs mass-squared matrix ele-
ments:
v,

Uin

(B13)

where vy, = v,,. One of the CP-odd Higgs bosons is a
massless goldstone boson that is absorbed by the Z boson,
leaving only one physical CP-odd Higgs with tree-level
mass
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M2 = BM<E + ﬁ). (B14)
: vy Uy
b. NMSSM
Superpotential and soft breaking terms:
W =nSH, A, + 8 +n0°0- 1, (B15)
— LNMSSM — — [ h + (%KAKS3 + H.c.), (B16)
where
1 .
— Lo = ( EMa)LaAa + A;h,SH, - Hy + Ah,UQ
a=1,23

CH, + H.c.) + M3IOP + MO + M3IDP

+ MZ|LI* + MEIEI* + m3|H

+my|H, > + mi|SP. (B17)
Potential minimization condition:
17G? 17G? 1
R by A ] Ch L
N <hSAS N hSKS> vus’ (B18)
\/—2— 2 Vg
17G? 171G? 1
hA 4 hgks vds’ (B19)
V22 ),
m% = _lh%vg _ lh%vi — 22+ hiAg + b, vavy
2 2 \/z Ky
KA
——=s B20
NG (B20)
¢. n/sMSSM
Superpotential and soft breaking terms:
W=nSH, A, + M8 +hU0Q-H,  (B21)
— LVMSSM — _ p 4 (EM3S + He).  (B22)

Here &p and &g are model-dependent, dimensionless
quantities.
Potential minimization conditions:

171G? 17G? 1
R Py A il Ch L
+ <hsAr + htgFMrzl> Uus’
V2 s Vg

(B23)

PHYSICAL REVIEW D 73, 115010 (2006)

17G? 17 G? 1
e L R e

2| 4 2| 4
A M2
+ hs s + hsfF n UdS’ (B24)
V2 s ) v,
m2 = _lhzvz _ lhzvz + hyA, _ \/ifsMg Udvu'
s 2 sYd 2 sYu \/z v, P
(B25)
d. UMSSM
Superpotential and soft breaking terms:
wW=hnS8H,-H,+hU0-H, (B26)
- £2§¥{SSM = T Loft + (%Ml’/\l’/\l’ + HC) (B27)

We do not include the possible terms related to exotic
chiral fields to cancel anomalies. The exotic terms depend
on details of the model and we assume the masses of the
exotics are heavy enough to be decoupled from the EW
scale phenomenology that we are interested in.

Potential minimization condition:

17G? 17G?
m3 = _2|:4 + Q%{dg%/}ﬂ +2|:4 _h%_QHl,QHMg%/}Ui
1 hA v,s
—=[hn2 + 2]s? + = B28
2[ s QHdQSgl ]s \/z v, ( )
11G? 11G?
i =3|m0 g3 Joh 5[ T+ G ok
1 hAg vys
—~[h2 + 2762 4 8 B29
2[ s QH"QSg] ]S \/E v, ( )
2 — _ 1 h2 + 21,,2 — 1 h2 + 2 2
mg = E[ s QHJQSgl/]vd E[ s QHMQSgl’]vu
I 5,5, hdA;vg,
i g2 4 s ZdTu B30
2ngl s \/E s ( )

2. One-loop radiative correction to the Higgs potential

The one-loop correction of the mass-squared matrices
for the CP-even and CP-odd Higgses are obtained as

0*v! 1 av!
My, =2V | s 20
(P ap;0d; lo v ¢ |o

9%v! 1 av! (B3D
(ML) =—FF | —6;j—— | -

dp;iod; |o v; 9¢; |o

The second terms describes the effect of the shift of the
Higgs soft mass-squared terms (m3, m2, m?) at the mini-
mum so that we can still use the tree-level values of the
minimization condition. The scalar top Yukawa couplings
are expected to be dominant over the other model-
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dependent couplings. This provides a handle on the radia-
tive corrections that is model independent.
The Coleman-Weinberg correction to the scalar poten-
2

tial with the stop 1-loop is given by [36]
2 3
|3 (g - )}
(B32)

2
J=1 0
where Q is the renormalization scale in the DR scheme,
and m? = h?|HO|>.
The physical stop masses are given by

72

3 B m
5) — 2m?<1nQ—’2

I —
3272
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M3, = M3+ IRIHE My = MY+ 21,

(B35)
and
M2g = h(ATHY — wHY) [MSSM], (B36)
= h(A;H)" — h,SHY)
(B37)

[NMSSM/n/sMSSM/UMSSM].

and is generally valid for complex A,, u and Higgs field
values. However, we assume these parameters are real. We

1 1 keep only dominant top Yukawa couplings and neglect
m%yz = Etrj\/l; + 5\/ (trMp)? — 4 det M;. (B33)  gauge couplings and Yukawa couplings of other particles.
The stop mass-squared matrix is
, , APPENDIX C: NEUTRALINO MASS MATRICES
M M .
M;= ( M’z‘% MéR ) (B34) The neutralino sector is extended by Ihe singlino, S, and
LR RR in the case of the UMSSM, the Z’-ino, Z'. The mass matrix
where for the UMSSM is given by
M, 0 —81v4/2 g1v,/2 0 0
0 M, 8204/2 —82v./2 0 0
M o= —81va/2  gv4/2 0  Meff = MefrVy /S gl'QH,,Ud 1)
X giv, /2 —gw,/2 — Mefr 0 = MefrVa/ s 810, vy
0 0 —HeftVu/S  — HMefVa/s 0 g1 Qss
0 0 810Qn,Va 81 On, vy g1 Qss My
For the NMSSM, we have
M, 0 —81v4/2 81v,/2 0
0 M, §2v4/2 —820,/2 0
Mpo=| —81va/2  gv4/2 0 “Heft T MeitVu/S (C2)
g1vu/2  —gv./2 — Metf 0 — KettVals
0 0 —MeftVu/S  —MerrVals  N2ks

For the n/sMSSM, the neutralino mass matrix is the same
as the NMSSM with the limit k — O taken. Note that in the
s-decoupling limit, neutralino states in addition to those in
the MSSM decouple with masses L = %(M ==

2/Mf, + 4g7,055%) in the UMSSM, and M,y = 2«5 and
in the NMSSM and n/sMSSM, respectively.

APPENDIX D: APPROXIMATIONS OF THE TREE-
LEVEL HIGGS MASS IN VARIOUS LIMITS

We provide approximations to the CP-even Higgs
masses and exact CP-odd Higgs masses for the extended
models considered. We replace i, with g/ (ﬁ) and as-

sume . is at the EW scale in the following derivations.
The approximate mass eigenvalues of the Higgs mass-
squared matrix can be found when the mass-squared matrix
elements satisfy particular hierarchies.

{
1. Hierarchy types

The entries of the matrix (A, B, C) are assumed to have
the same order of magnitudes where the powers of € < 1
represent the specific hierarchy. After keeping terms of up
to O(€?), approximate eigenvalues may be analytically
given.

Type-1 : If the dominant terms in the matrix are of the

A

form
2 —
w=(L @)

where A is a scalar, Bis a 2 X 2 matrix, and Cisa?2 X 1
column vector, then the mass-squared matrix can be trans-
formed to an approximate block diagonal form using

127t — Tt
VT:(I eIl el’ >, D2)

el’ 1 -4t
where I' = C/A then,

ect

€’B (D)
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A+€eCtc/A 0(e%) This type of hierarchy is equivalent to that found in the
VMVt = dix of
0() E(B—CCt/A) appendix of [79].
o Type-2 : We find this method by an analogy of the
M3+ (MIZ)A;Z(MIB) O(&?) 0(€) method for Type-1.
11
2 \2 2 A2 A eC
= O(€) M5, - (1:141]22[) M5 — ]1‘;1]2‘]413 : M? = <¢5CJr €’B > (D4
2 2 2 )2
0O(e) M3, —M]‘é/zw” M2, —(74‘5) where now A is a 2 X 2 matrix, B is a scalar, and C is a
! . 2 X 1 column vector, we obtain the unitary transform on
D3) a2
J
vaevt — (AT 3€CC AT +2471CCt —ATIcct(ah)TA) O(€) _( A 0@ DS)
O(e%) e2(B— CtA~10) OE) B )
with
—lerrt —
vt = 1 =€l el’ ’ (D6)
el't 1 - %GZFTF
and I' = A™!C. The corresponding submatrices are given by
M%l + M%s((_M%)szMgz':M%zMé) M%z — % M%z(Mfl+M%2)M§%_Mzz((jglﬂ)zﬂM%s)z)
— ]V[2 -M M% M2 —M Mz
A= M2 —1 M%S(M]Z] +M§2])§V1§3_A/lllfz((lz"l%s)z"'(Mgz)z) M2, + Mgs(M%lzhfa_Al/Ilflﬁjgz) ’
272 (M%) =M, M2, 22 (M3, —M? M3, (D7)
— 2 (M23)2M§272M22M23M§3 +M7 (M§3)2
s <M33 R 7 T T A
The entries of A are assumed to be of O(M?2) + O(e*M?), b. MSSM (CP-odd)
and B is assumed to be of O(e>M?2) where M, is a common
mass scale for dominant mass terms. If this hierarchy is not M3 = 2B csc2. (D10)

established, for example, by some cancellation which dis-
rupts the hierarchy, e.g. |(M3,)? — M3 M3%,| < M}, this
approximation may not work.

2. Tree-level mass expressions

We approximate the CP-even masses in three cases
(sometimes with model-specific assumptions):

(i) ThetanB = 1 limit provides an exact solution. This
case is meaningful since LEP cannot exclude this
value for the extended-MSSM models where the
Higgs doublets can be mixed with a singlet.

(i) Both the large M? and large tanB limit, where

M} = 2peA, csc2B (D8)

is as the MSSM CP-odd Higgs mass-squared with
MereA, 1dentified as uB.

(iii) Large s limit (s-decoupling limit). This limit pro-
vides two MSSM-like Higgs bosons and one
singlet-dominated Higgs. Wep resent only domi-
nant terms in the following CP-even expressions.

a. MSSM (CP-even)
The exact eigenvalues can easily be found analytically

1
2 2
MH({,z _§MZ +Bucsc2f

1

2
+ \/ <5M§ ~Bu cchﬁ) +2M2Busin2B. (DY)

¢. Common PQ limit case (CP-even)

(1) In the tanB = 1 limit, the general solutions are given
by
V22
Mlz_lo = M% + 2MeffAs - SZCff M?_lo

1
12 (V? pegr(Ag + 2ptesr)

* Ve (Ag — 2ep)V U + 1657).

(ii) In the large M% and large tan limit (My /M.~ 1/€
and tanf ~ 1/€), the hierarchy is of Type-1 and results in

(D11)

M3, = My, M7,
1

1
~ EM% + Z—S\/(SM%)2 + 1602 (2 — Micos? B)%
(D12)

In this limit, the lightest CP-even Higgs mass-squared
always has a negative solution which implies this limit is
not physical in the PQ limit unless loop corrections can
compensate the negative mass-squared.

(iii) In the large s limit (s/M, ~ 1/€), the hierarchy is of
Type-2.
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M2, ~ l Megrsec?2 B
H 2 2GPA,
— G2v%sind2B(4p2; + A2) + 2 A (G202
— 162y — 2A2 + cosdB(—G*v? + 2A2))),

(323 sin2 BAT

1
M2, = EM% + A pesr csc28

1
* \/(E M% - As“eff CSCZB)Z + 2M%Aslueff SiIIZB.
(D13)

In this limit, the lightest Higgs mass scales as My o 1/s,
which implies that the singlet-dominated Higgs decouples,
with mass near zero in the s-decoupling limit. Note that
when tang = 1, the (M?,)?> — M3%,M>, term in the denomi-
nator of Eq. (D7) is of O(e?M?) and the above approxi-
mation is not valid. However, one can take the large s limit
from the tan8 = 1 exact solution of Eq. (D11) and arrive at
the desired result. As expected, the other two Higgs bosons
have MSSM-like masses.

d. Common PQ limit case (CP-odd)

The PQ symmetry protects one of the CP-odd Higgs
masses

U2 .
M2 =0, M3, = 2u A, cch,B<1 + msm22[3>.

(D14)
|

1
M3, = 5s;<(4s1< +24A,),
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e. NMSSM case (CP-even)
(i) In the tanB = 1 limit:

2,,2
U™ Kegr
26 + \/EK,LLeffS,

M%{() = M% + 2peAy — <

Mz, = ﬁ(vz,u,eff(AAY + 2tegr) + V253 KA, + 4stK?
* [V u2(Ay — 2peir)* (02 + 165%) + 1658x*
+ 8V25 KA, + 225302 K e (— 2pter + Ay)
X (16perr + A) + 25* 12 (402 ey Qe + A,)
+ 52A2)]1/2). (D15)

(ii) In the large M3 and large tan/3 limit, the hierarchy is
of Type-1.

M2, ~ M3,
1 SK 1
M2, = §M§ o skt V24,) * Z[(sMg)2

+ 1602 (u2y — Micos?B)? + s3k(4s3 k3
1
— M5k + V225K = MYA + 5 skA)] V.
(D16)

(iii) In the large s limit: because of the « and A, terms,
the mass-squared matrix is neither Type-1 nor Type-2.
With an additional assumption of | x| ~ €, the leading order
terms form a block diagonal matrix.

1 SK 1
MI%IO = EM% + (A\ + \/—§>,u,eff CSCZB. + \/<§ % - <A +

If || < M_./s and |A,.| < s, we obtain the large s limit of
the PQ case of Eq. (D13), changing the leading order term
of the first solution. If not, the x and A, terms prevent the
Higgs sector from decoupling to two Higgs bosons with
MSSM masses and very heavy or light singlet Higgs boson.
Instead, the s-decoupling limit yields a massless Higgs,

and a divergent Higgs (M, ~1/\/§Ks,u,eff csc2B) both
|

M? :;
A 8s?sin2B

(D17)

SK

V2

SK

2
),ueff cch,B> + 2M%<AS + \/i>,ueff sin2.

[

with &yggm = 1 while the singlet-dominated Higgs has a
mass that scales linearly with «s.

J. NMSSM case (CP-odd)

The CP-odd Higgs masses are exactly given at tree level
as

(tofrA, (V2 + 852) + 2425k pogp (V2 + 252) — V2 pogr cOs4B(A, + 24/25K) — 6724, 5%k sin2 B

* [(errA, (V2 + 852) + 2425k progp (V2 + 25%) — V2 e cosd B(A, + 24/25k) — 672453 k sin2 B)2

+ 9653 K fhogy SIN2BRA  s2(V2A; + sK) — 332A,0 poge sin2B)]1/2.

(D18)
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g. n/sMSSM case (CP-even)
() In the tanB = 1 limit:

Uz:“gff n 2\/§§FMr21,U«eff
2 y
s

M?,o = M% + 2 Ay — s

1
M?_Io = _z(vzlu’eff(As + Zlueff) - 2\/§S§SMr31

I+ &

[Uzlu‘gff(As - 21u‘eff)2(v2 + 16S2)
- 4\/§SU2Meff(As - 2Meff)§sMr31 + 852§§M[61]1/2)-
(D19)

(ii) In the large M3 and large tan/3 limit, the hierarchy is
of Type-1.

M2, ~ M2,
1 &My 1
2~ 2 __ 2 _ 3)2
MHO - EMZ ﬁsn * g[(SMZ \/iérSMn)
+ 1602 (uy — Mycos* B)? + 4v2MEséM3]V/2,

(D20)
(iii) In the large s limit and small & limit (§ M3 /M3 ~
€), the hierarchy is of Type-2.
M2 o~ 1 pegsec’2
H 2 0GRA,
— G2v%sind2B(4p2; + A?) + 2 A (G202
— 162y — 2A2 + cosdB(—G*v? + 242)))
_V2éM3

s

(322 sin2 BA?

1
M2, = EM% + A pegr c5C28

1 .
+ \/(5 M2 — A phesr €5€2B)? + 2M2A g Sin2 G.
(D21)

The additional assumption of a small &M, term provides
an additional negative term in M?,. This mass is similar to
that of the PQ limit in Eq. (D13) when égM3 /M2 < M, /s.

.. nEM3 . .
Howeyver, as s is increased, the — @ term is dominant

and the mass diverges from the PQ case. This limits £¢ < 0
to avoid negative Higgs mass-squared solutions that are
unphysical. However, effects from radiative corrections
may alleviate this condition and allow positive, but small
values of &g. Along with the NMSSM, when tanf = 1, the
above approximation is not valid, but the large s limit from
the tanB = 1 exact solution of Eq. (D11) may be taken to
arrive at the desired result.

h. n/sMSSM case (CP-odd)

The CP-odd Higgs masses is exactly given at tree level
as

PHYSICAL REVIEW D 73, 115010 (2006)

1
m(ﬂeﬁAs(uz + 852) — A,V pogs cOSAB

+ 8V2s e pMy — 425 sin2 BEM

* [(errAs(v* + 85%) — Ajv? pegr cosd B

+ 8V2speeépMy — 425 sin2 BEMR)?

+ 648 gy Sin2B(25(V2A,s + 2 pM2)EM?

— V24,02 pop sin2 BELME)]'/). (D22)

i. UMSSM case (CP-even)
(i) In the tanB = 1 and Qy, = Qp, limit:

2,2
U™ Mg
s

Mlz_lo = M% + 2perAs —

1 1
M?I(, = E(Uzﬂeff(As + 2phepr) + 552(452 +v%)g5,05

* [Uzﬂgff(As - 2/-l“eﬁ°)2(v2 + 1652)

+ 52022057 — v?) perr(Ag — 2pter) 8% OF
1

+ Zs4(4s2 +v2)2g4 0412, (D23)

(ii) In the large M? and large tan/3 limit, the hierarchy is
of Type-1.

Mlz_lo:‘\‘M%/,
M2 ~1M2_|_1M2+1 2M4+ 2M4
i =Mzt My = gl Mt s My

+ 16v2(/""gff - MIZ/COSZIB)Z + Szg%/(sz%iu + 57 Qé)2
1
+ Eszvzgé,(szzQ%,u — G252 Q_%

+ 32(M§ff - M%COSQB)QHU QS)]I/Z-

(iii) In the large s limit: if we change the basis of the
matrix from {HY, HY, S} to {S, H%, H®}, the hierarchy is of
Type-1.

M2y = M2,

(D24)

2
M,

1
=35 M7 + Agpegr csc2B

. \/(;
(D25)

In this limit, one of the Higgs masses scales as My = Mz
which scales as s in the s-decoupling limit. This yields a
heavy singlet-dominated Higgs which decouples while the
other two CP-even states become MSSM-like.

2
7~ AgMesr CSCZB) + 2MZA s SIN2P.

j. UMSSM (CP-0dd)

The CP-odd Higgs mass in the UMSSM is equivalent to
that in the common PQ limit [e.g. Eq. (D14)].
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APPENDIX E: ADDITIONAL ONE-PARAMETER (" OmPaiac, (e Hises mass specus o the il URA/
PLOT RESULTS constraimed- model can b€ 1ound 1n KeTs. .

In this figure, the level crossings between Higgs states

The one-parameter plots performed in Sec. V show the  are apparent as s and tan 8 are varied. The general behavior
lightest CP-even and CP-odd Higgs masses vs tanB and s.  of the heaviest CP-odd mass-squares are similar as they
In Fig. 15, we show the complete Higgs mass spectrum of  scale as tan8 and s with a minimum near tan8 ~ 1. The
each model and the Peccei-Quinn limit versus tan$ and s. first and second CP-even Higgs states cross at intermediate
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FIG. 15 (color online). Higgs masses vs tan and s for the MSSM (with u = hss/\/i), NMSSM, n/sMSSM, UMSSM, and the PQ
limit for the extended models. Only the theoretical constraints are applied. Input parameters of A; = 500 GeV, A, = 1 TeV, My =

My =1TeV, k=05, A, = —250 GeV, M, = 500 GeV, & = —0.1, &g = —0.1, hy = 0.5, Og = —tan’l\/g, and the renormal-
ization scale Q = 300 GeV are used. Note that the U(1)p, symmetry allows only one CP-odd Higgs boson to be massive.
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tanB in all the models for these set of parameters, a feature
not present in the MSSM. This suggests that the lightest
CP-even Higgs typically has a maximal mass at some
intermediate tang.

The s plots shows a relatively constant lightest CP-even
Higgs mass with minor variations when level crossings
occur. Since the mass-squared difference between the
charged Higgs and heaviest CP-odd Higgs is, excluding
model-dependent variations, on the order of M3 both
masses have the same dependence on s and tang.
Departures from the similarities in mass signify a model-
dependence in My- and My, . For large s, the behavior of
the charged Higgs boson is effectively the same among the
models as its mass scales with s, see, e.g., Eq. (45). The

PHYSICAL REVIEW D 73, 115010 (2006)

heaviest CP-even and CP-odd Higgs bosons masses also
scale with increasing s for most of the models in this
parameter range. However, the corresponding n/sMSSM
masses decrease for increasing s at low s. This occurs when
M35 becomes the dominant element of the mass-squared
matrix. This occurs for all the models at low enough s
(typically beyond the lower limit of s allowed by the
theoretical constraints). However, the — M term spe-
cific to the n/sMSSM shifts the point where this crossover
from M7 ~ s* to M7, ~ M;/s occurs to higher values of
s, resulting in the distinctive departure from the behavior of
the other models at low s after theoretical constraints are
applied.
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